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Introduction
The evolution of data communication is driven by the need of the world’s information infras-
tructure to be able to provide instantaneous availability of data, video and voice. This results
in an exponential growth of computational performances raising the necessity of higher band-
width technologies to keep track with the desired data rates. Therefore, shorter and shorter
distances and thus higher integration densities are required. But cooper-based solutions for the
data transmission build the main bottleneck of the performance on chip level. When shrinking
device dimensions the metal interconnection lines, which act as communication paths, have to
become smaller and closer to each other because of an increase in integration density. The
maximum achievable density is than limited by crosstalk and resistance which both affect the
performance. Thus, in the past decades, a new technology started to revolutionize the field of
datacom: photonics. They main advantage is related to the carrier frequency of light, which is
100000 times higher than electronic signal. This ThisIt enables bandwidth densities that can be
orders of magnitude higher.
Starting in the 1980s with data transmission through optical fibers over thousands of kilometers,
there is a trend also to shorter and shorter transmission distances. While the current state of the
art for practical applications bridges distances of several meters, there is a clear roadmap for
this to proceed down to sub-meter region. The ultimate goal is a so-called optoelectronic inte-
grated circuit (OEIC): a real "superchip" [1]. It will consist of various integrated components
for light generation, modulation, manipulation, amplification, and detection. Therefore, ultra-
small, low-power consuming, and cost-efficient active as well as passive optical components
are necessary.
A key factor for datacom is the cost per bit. Hence, the material involved in the fabrication is
very important. In the past, optical switches and modulators were demonstrated in ferroelectric
materials, such as lithium niobate (LiNbO3) and III-V semiconductor materials, in particular
because of their large electro-optic coefficient in the case of LiNbO3 or the direct band gap
in the case of III-V semiconductor materials. Most optical switches and modulators in III-V
semiconductor materials harness the photo-excited free charge carriers concentration resulting
from one- or two-photon absorption [2, 3]. However, both materials are difficult to combine
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with the standard complementary metal-oxide semiconductor (CMOS) fabrication platform and
do not allow the fabrication of low-cost devices because they are rather expensive.
Since silicon (Si) is relatively inexpensive, plentiful, robust, and well understood for pro-
ducing electronic devices it is a desirable material. It enables the fabrication and integration
of photonic and electronic components on a single silicon chip using the CMOS fabrication
technology. In particular high-quality silicon-on-insulator (SOI) wafers offer an ideal platform.
SOI exhibits strong optical confinement due to the large index contrast between Si (nSi = 3.46)
and SiO2 (nSiO2 = 1.46), which makes it possible to shrink the size of photonic devices to a
few micrometers. Therefore, silicon-based optical interconnects could lead to a platform for
monolithic integration of optics and micro-electronics on the chip [4, 5]. For the above men-
tioned reasons the material of choice in this work is SOI. All devices investigated in this thesis
are fabricated by electron-beam lithography and subsequent reactive ion etching. We focused
on a prototype exploration but the developed components could be implemented with future
standard CMOS processes which are foreseen by the International Technology Roadmap for
Semiconductors (ITRS).
While the large index contrast given by SOI enables ultra-small devices, this also makes
fabrication quite challenging. Thus, it is important to perform simulations on the sensitivity of
a device on fabrication-based variations of its geometry. For this purpose we pre-compensated
for known deviations within the fabrication process in our design.
In silicon there are two main difficulties to overcome when using it as an optical material.
Due to the indirect band gap of Si light emission is inefficient. Therefore alternative techniques
such as doping with transition metals [6], band-structure engineering or quantum confinement
effects [7, 8] have to be used. For optical switches, the electro-optic and nonlinear material
properties are crucial. However, since Si has a centro-symmetric crystal structure only a weak
dependency of the refractive index and absorption coefficient on the electrical field effects is
observed [9]. As a consequence, high power and very long interaction lengths in the order of
a few millimeters are required [10, 11, 12]. This represents serious challanges that have to be
overcome for the full inetgration.
A pivotal figure of merit of integrated optical components for future chip-to-chip or on-chip
optical interconnects is the size of their footprints as well as the power consumption. Shrink-
ing well-established device concepts down to dimensions of only a few optical wavelengths
suffers from the fact that the (electro-) optical material properties do not scale accordingly.
Highly light confining resonant structures compensate these deficiencies by creating an effec-
tively longer propagation path for the light inside the active material. Enhanced performance is
expected for electro-optical modulators [13], all-optical switches [14, 15, 16, 17], and micro-
ring lasers [18]. Also passive devices such as spectral filters [19], delay lines [20], and add/drop
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multiplexers [21] benefit from ultra-small low-loss optical resonators.
The ratio between the quality factor Q and the modal volume V of the cavity needs to be
high in order to enable small power consumption and ultra-small components. For the smallest
resonator mode volumes on the order of a few cubic wavelengths, ring or disc resonators are
ultimately limited by bending losses. Alternative structures, that do not rely on whispering-
gallery modes, are circular grating resonators [22, 23, 24] (CGRs) or photonic crystal-defect
cavities [25, 26]. They open up the feasibility of highly integrated novel devices with unprece-
dented small footprint [27, 28, 29, 30], and promise a leap in performance because of their large
free spectral range and small optically active volume.
Therefore the focus in the present thesis is set on two types of resonant structures: waveguide-
coupled CGRs and waveguide-embedded 1D photonic crystal (PC) cavities. Both approaches
excel by their high quality factor Q and ultra-small modal volume V .
CGRs consist of a central defect surrounded by concentric circular Bragg mirrors. The radius
of the central defect determines the wavelength of the resonance frequency. The CGRs require
only a minimal index-contrast to achieve a complete photonic band gap for radial wavevectors.
Furthermore, their modes exhibit perfect radial symmetry due to the geometry of the structure.
Previous studies have only considered isolated CGRs. For the first time waveguide-coupled
CGRs are realized. Furthermore, electrical contacts are added in the nodes of the optical field
by taking the advantage of the unique device symmetry. Due to the small active volume, we
demonstrate fast optical modulation.
The second structure, on the other hand, is directly embedded into the waveguide and thus ex-
cellent coupling to the waveguides is straightforward. Due to the size of the structure, limited
through the width of the waveguide the required simulation resources are reduced and hence it
is possible to perform full 3D finite different time-domain (FDTD) simulations. This is a great
advantage for the optimization and verification of the structure. Again, highly doped and there-
fore absorbing contact leads are added successfully without disturbing the optical field. With
these structures we demonstrate optical modulation in the range of a few femtojoules switching
power which is more than an order of magnitude less than previously shown [31]. Moreover it
was possible to show initial results on electro-optical modulation.
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Outline of the thesis
• The second chapter features a brief introduction to the fundamentals of photonic crystals,
optical cavities and optical modulators based on cavities. Furthermore, the two computa-
tional methods which are used for the optical simulations in this thesis are presented.
• In the third chapter, an overview of the fabrication process, completely performed at
AMO GmbH, in Aachen, Germany, is given and the (electro-) optical characterization
methods are presented.
• In the fourth chapter, the studies on the waveguide-coupled circular grating resonators
(CGRs) are covered by presenting the design concept, simulations for further optimiza-
tions, and the measurement results of the different designs. Several resonances are iden-
tified and all-optical switching is demonstrated. Furthermore, a new design concept to
significantly enhancing the quality factor of the CGRs is investigated theoretically.
• In the fifth chapter, the results on waveguide-embedded 1D PC micro-cavities are pre-
sented. First the simulations as well as the measurement results of the passive device are
discussed. Second, using pump and probe measurements all-optical switching is demon-
strated. Finally, the initial steps and results of an electro-optic device by adding doped
contact leads are presented.
• The sixth chapter concludes the thesis with a summary.
• The seventh chapter gives an outlook on possible future enhancements and directions.
4
1 Fundamentals
The following chapter gives an overview of the fundamentals of this work. It is divided into
four sections. The first section summarizes the main properties of light in periodic media,
i.e., of photonic crystals and presents the simplest photonic crystal, a multilayer film with its
transmission and reflection spectra. The second section deals with optical cavities, the main
building block of the devices studied in the presented thesis. Therefore, two general cavities
are introduced, namely, the Fabry-Pérot cavity and the photonic crystal defect cavity as well as
the coupled mode theory for waveguide loaded cavities. This is followed by the concepts of
the two specific micro-cavities investigated in the present work. In the third section the optical
modulator based on optical cavities is discussed by presenting the modulation mechanisms in
silicon and the boundary conditions for an optical and an electro-optical modulator. Moreover,
a short overview of the state of the art of modulator concepts in the literature is given. In the last
section the computational methods for the optical simulations used in this work are introduced.
1.1 Photonic Crystals
In this section we will briefly explain an important concept of this work: photonic crystals.
They were conceived by E. Yablonovitch in 1987 [32] and have found numerous applications
in recent years. Photonic crystals are periodic dielectric structures. In a media with a spatially
periodic dielectric constant electromagnetic waves are scattered within each period and can
either add up or cancel out. Due to these interferences the structure becomes either transparent
or blocking depending on the wavelength and on the propagation direction of the wave. For a
sufficiently high refractive index contrast and for certain geometries a wavelength range appears
where electromagnetic waves can not propagate through the structure in any direction. This
wavelength range is called a photonic band gap [33]. The commonly used classification of
photonic crystals is based on the dimensionality of the periodicity of the dielectric function or
the refractive index, respectively, as shown in figure 1.1. The simplest photonic crystals have
been used for a long time in the form of Bragg mirrors.
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Figure 1.1: Classification of the photonic crystals by the periodicity of the refractive index
(dielectric function) along one or more axes. Each color represents a different dielectric con-
stant [34].
1.1.1 The Macroscopic Maxwell Equations - Light in Homogeneous
Media
In order to get a more profound understanding of the properties of photonic crystals, elec-
tromagnetic waves in homogeneous media are first studied and then extended to 1D periodic
media, namely multilayer films.
The general behavior of electromagnetic waves is described by the four Maxwell’s equations:
∇×E = −∂B
∂t
, (1.1)
∇×H = ∂D
∂t
+ J , (1.2)
∇ ·D = ρ, (1.3)
∇ ·B = 0, (1.4)
where E and H are the macroscopic electric and magnetic fields, D and B are the displacement
field and the magnetic induction field, and ρ and J are the free charge and current densities. The
electromagnetic fields are linked by the following relations:
D = ǫE = ǫ0ǫ(r,ω)E, (1.5)
B = µH = µ0µ(r,ω)H, (1.6)
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Where ǫ0 is the vacuum permittivity, ǫ(r, ω) is the relative permittivity, µ0 is the vacuum per-
meability and µ(r,ω) is the relative magnetic permeability. Inserting the relations 1.5 and 1.6
into the Maxwell’s equations 1.1 and setting J = 0 and ρ = 0 (a media, where no free charges
and currents exist), we can rewrite the equations in the following form:
∇2E(r, t)− ǫµ∂
2E(r, t)
∂t2
= 0, (1.7)
∇2H(r, t)− ǫµ∂
2H(r, t)
∂t2
= 0. (1.8)
The solutions of these equations are plane waves, traveling at a speed c = 1√
ǫµ
= c0
n
with n the
refractive index and c0 the vacuum speed of light. Thus, the general solution of the electric field
E at a time t and at a position r is a superposition of plane waves of the form
E(r, t) = ℜ [E0ejk·re−jωt] (1.9)
With the complex amplitudeE0 and the wave vector k, indicating the propagation direction of
the wave. In homogenous media the magnitude of k is linearly dependent on the frequency ω
and the wavelength λ. This linear relation is called the dispersion relation:
k =
2π
λ
−→ ω‖k‖ =
ωλ
2π
. (1.10)
1.1.2 1D Photonic Crystal: A Multilayer Film
Now, let us look at the simplest possible photonic crystal: a multilayer film, which consists of
alternating layers of materials with different refractive indices ni for i = 1, 2 along the z-axis.
Such a 1D photonic crystal is illustrated in figure 1.2. The concept was first introduced 1887 by
Lord Rayleigh [35]. In such a 1D periodic medium with period a, the refractive index becomes
a periodic function of z, n(z) = n(z +M), whenever M is an integer multiple of the spatial
period a. We consider the other directions as uniform. Therefore we only study waves traveling
along the z-axis. This simplifies the wave equation 1.7 to:
c2
n2(z)
∂2E(z, t)
∂z2
− ∂
2E(z, t)
∂t2
= 0. (1.11)
The solution of the wave equation can be written in the Bloch form:
E(z, t) = ℜ [uk(z)ejkz(ω)ze−jωt] , (1.12)
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where uk(z) is periodic with the property uk(z) = uk(z +M). kz is no longer linearly depen-
dent on ω. For each frequency there are an infinite number of solutions for kz which are coupled
to one another by the periodic lattice. They contribute the photonic band structure similar to the
electron Bloch bands in crystals. Because the photonic crystal has discrete translational sym-
metry in the z direction, kz is restricted to a finite interval [−π/a, π/a], the one-dimensional
Brillouin zone. Therefore the dispersion relation ω(k) is periodic in kz with a period 2π/a.
Due to the reciprocity of the Maxwell equations in the absence of an external magnetic field,
the dispersion relation in the −z direction is the same as in the +z direction and therefore it is
sufficient to study the dispersion relation in the reduced first Brillouin zone for k ∈ [0, π/a].
a
z
n
2
n
1
d
1
d
2
Figure 1.2: Example of a one-dimensional photonic crystal, a so-called multilayer film, where
the refractive index n(z) varies along the z-direction. The film consists of layers with thick-
nesses d1 and d2 of different materials with refractive indices n1 6= n2 and spatial period
a = d1 + d2.
Figure 1.3 shows a plot of the dispersion relation ωl(kz) = ckz√ǫ =
ckz
n2
for a homogeneous mul-
tilayer film with n1 = n2 (figure 1.3(a)) and for a multilayer film with alternating layers with
n1 6= n2 (figure 1.3(b)). The parameter l is the band number which increases with increasing
frequency. In homogeneous media the speed of light is reduced by the refractive index and the
modes lie along the light line given by the dispersion relation. The light line folds back as soon
as it reaches an edge of the Brillouin zone because k repeats itself outside. If the refractive in-
dex of the two media of the multilayer film differs a band gap arises. There is no allowed mode
in the crystal with a frequency within this gap, regardless of k. The gap between band l = 1
and band l = 2 occurs at the edge of the Brillouin zone at kz = π/a, where the superposition
of the incident wave and the reflected wave results in a standing wave pattern. The coupling
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Figure 1.3: (a) The dispersion relation ω(kz) of a uniform medium (n1 = n2) at normal
incidence. The dashed lines show the folding back of the light line at the edge of the Brillouin
zone (b) Dispersion relation of a 1D multilayer film with n1 6= n2 at normal incidence. A gap
opens up where the two counter-propagating modes have an anti-crossing at the edge of the
Brillouin zone.
of these two counter-propagating waves results in a band splitting that removes the degeneracy
and generates two standing waves with energies ω1 and ω2. The bands above and below the gap
can be distinguished by where the energy of their modes is concentrated. Low-frequency modes
concentrate their energy in high-n regions and high-frequency modes in low-n regions (see fig-
ure 1.3(b)). For a detailed analysis see [34] chapter 2. The larger the refractive index contrasts
between two adjacent layers the larger the photonic band gap. The frequency domain is split up
by the dispersion relation into a photonic gap which is also called "stop band" and the spectral
region with transmission "pass band". In the present work transmission and reflection spectra
are of great interest. Therefore, the spectra of a multilayer film are further investigated. The
theory of multilayer films and the formulas used to calculate such spectra are given in more de-
tails in references [36, 37, 38, 39]. As an example we look at a multilayer film with n1 = 1.46,
n2 = 3.44 and d1 = 0.7a and d2 = 0.3a, where the lattice constant is a = 400 nm. This
configuration which corresponds to a Si/SiO2 photonic crystal is motivated by the investigated
structures in the present work. Moreover, we assume normal incidence of incoming waves with
a central wavelength λ0 = 1550 nm. In figure 1.4 the reflectivity R as a function of the number
of Si-layers N is plotted. Each Si-layer N consist of a layer with refractive index n1 and a
9
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Figure 1.4: (a) Reflectivity R of a multilayer film with n1 = 1.46, n2 = 3.44 and d1 = 0.7a
and d2 = 0.3a with the lattice constant a = 400 nm for λ0 = 1550 nm at normal incidence as
a function of the number of layers N . (b) Transmission T and reflectivity R for N = 10 as a
function of the wavelength λ.
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layer with refractive index n2. The reflectivity is seen to increase rapidly with N . For N ≥ 4
the reflectivity converges to one. In figure 1.4(b) the transmission and reflectivity are plotted
as a function of the wavelength λ for a fixed number of layers N = 10. We observe a region
between 1300 nm ≤ λ ≤ 2200 nm, where the reflectivity is approximately unity and thus the
transmission T = 0 since for a system without losses R+ T = 1. Outside the band gap of such
a multilayer film the reflectivity goes to zero since outside the band gap light is permitted to be
transmitted.
1.2 Optical Cavities
In an optical cavity light is confined and cycles either between to mirrors or around a ring. The
main characteristics of a cavity in general are its resonance frequencies ωm, which are separated
by the free spectral range. These multiple modes define their corresponding quality factor Q
and their modal volume V . The quality factor of a cavity is usually defined as the energy stored
in the cavity compared to the energy loss per cycle and in optics by the resonance line width
δω:
Q = 2π
energy stored in the cavity
energy lost per cycle =
ω
δω
(1.13)
The modal volume of a cavity for each mode is defined as [40]:
V =
∫
ǫ(r) |E(r)|2 dr3
ǫ(rmax)max(|E(r)|2
(1.14)
The modal volume usually is given in units of (λ/2n)3 with n the index of the material, where
the peak electric field is located since (λ/2n)3 is the theoretical limit of the modal volume of a
light wave with a wavelength λ in a medium with refractive index n.
The simplest type of an optical cavity is the Fabry-Pérot cavity, which consist of two mir-
rors facing each other. Light confined in this cavity will be reflected back and forth between the
mirrors. Radiation patterns are reproduced after every round-trip in the resonator and constitute
a standing wave. They are called eigenmodes. These eigenmodes have a non-zero spectral line
width δωm and a center frequency ωm.
Other types of optical cavities are e. g. ring resonators [41, 14, 13, 19] or photonic crystal cavi-
ties [25, 42, 43].
In what fallows two general type of cavities, namely the Fabry-Pérot cavity and the photonic
crystal defect cavity will be discussed, and furthermore, the two specific cavity designs in-
vestigated in the present thesis will be introduced. The section will be finished with a short
introduction to the coupled mode theory for waveguide-loaded cavities.
11
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1.2.1 Fabry-Pérot Cavity
nc, kc
Ei
Er
EtE+
mirror mirror
c
E-
c
d
Figure 1.5: Fabry Pérot resonator formed by two mirrors with reflectivity R separated by a
distance d.
A Fabry-Pérot cavity is made of two parallel, highly reflective mirrors with reflectivity R,
separated by a distance d. Let us consider a Fabry-Pérot resonator with lossless mirrors on
each side and no absorption. The incident wave Ei enters the cavity perpendicular to the mirror
surface, as illustrated in figure 1.5. Er is the back-reflected wave, E+c and E−c are the waves
in between the two mirrors (“cavity") propagating in the direction of the incident wave and
in its counter direction respectively. Et is the transmitted wave. The mirrors are separated
by the distance d. The wave number and refractive index between the two mirrors are kc,
nc, respectively. In the following the reflected intensity is defined as RFP = |Er |
2
|Ei|2 and the
transmitted intensity is defined as TFP = |Et|
2
|Ei|2 . The reflection and transmission of a Fabry-
Pérot resonator can be calculated for example by the superposition of multiple reflections or by
solving the standing wave equation with boundary condition. For a detailed analysis of the two
approaches see references [38, 44]. In both approaches the reflectivity is finally given by
RFP =
|Er|2
|Ei|2
=
4F 2 sin2(kzd)
(π2) + 4F 2 sin2(kzd)
(1.15)
with F the finesse defined as
F ≡ π
√
R
1−R (1.16)
where the reflectivity of each mirror is R. Thus, the higher the reflectivity the higher is the
finesse. The transmission TFP = 1−RFP is given by:
TFP =
|Et|2
|Ei|2 =
1
1 + 4F
2
π2
sin2(kcd)
. (1.17)
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In figure 1.6 the transmissions TFP for different reflectivity are plotted. The transmission peaks
occur at the following resonance condition which is derived by maximizing equation 1.17:
sin2(kcd) = 0⇔ kcd = mπ (1.18)
with m ∈ 0, 1, 2, 3, .... We get the resonance wavelength λm and the resonance frequency ωm
with kc,m = 2πncωm/c:
λm =
2ncd
m
ωm = m
c
2ncd
. (1.19)
The frequency spacing between two adjacent resonances is called free spectral range and is
given by:
∆ω = ωm+1 − ωm = c
2ncd
(1.20)
From figure 1.6 we see, that the higher the reflectivity R the sharper the resonance peaks. The
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Figure 1.6: Transmission of a Fabry-Pérot cavity for different reflectivities R.
full width at half maximum (FWHM) of the resonance is denoted as δω. The finesse is given
as the proportion of the free spectral range and the FWHM: F = ∆ω
δω
and with equation 1.13
F = ∆ωQ
ω0
. The shape of the resonance peak is a Lorentzian.
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1.2.2 Photonic Crystal Defect Cavity
Introducing a defect in a photonic crystal breaks the translation symmetry of the periodic struc-
ture and therefore no longer a perfectly periodic structure exists. In the case of a 1D photonic
crystal this can be achieved by making one layer of the multilayer film thicker than the other
ones, as illustrated in figure 1.7. Defects may permit new localized modes with frequencies
inside the photonic band gap. A mode having its frequency in the gap must exponentially de-
cay once it enters. The multilayer films on both sides of the defect act as frequency-mirrors.
Therefore any trapped light between them will bounce back and forth and thus, the modes are
quantized into discrete frequencies as is a Fabry-Pérot cavity. By increasing the thickness d
of the defect-layer the frequency decreases because the modes have more space to oscillate.
In the band diagram this results in decreasing the frequencies above the band gap towards the
center of the gap when increasing the thickness. Moreover, changing the refractive index of the
defect-layer while keeping d constant, will either decrease the frequency of the mode from the
upper band when increasing the refractive index n of the defect or increase the frequency of the
mode towards the center of the band gap from the lower band when decreasing n. Modes with
frequencies in the center of the gap are localized most. If a single resonant-mode is introduced
into the photonic band gap the transmission spectrum shows a peak within the band gap for
the frequency of the mode and thus the reflectivity at that frequency becomes zero. For a more
detailed analysis of photonic crystal cavities see references [34, 45].
a
z
n
2
n
1
d
1
d
2
d
Figure 1.7: A multilayer film consisting of different layers with thickness d1 and d2 of different
materials with different refractive indices n1 < n2 and a spatial period a = d1 + d2. A defect
is formed by increasing the thickness of a single layer.
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1.2.3 Coupled-Mode Theory for Waveguide-Loaded Cavities
Q
wvg Qwvg
ω
0
Q
0
1/τ
wvg
1/τ
0
1/τ
wvg
Figure 1.8: Schematic sketch of a cavity with resonance frequency ω0, quality factor Q0 and
decay rate 1/τ0. It is coupled to in- and out-coupling waveguides with a quality factor Qwvg
and decay rate τwvg. The quality factor of the complete system is Qtot.
Until now we looked at isolated cavities and their properties. However, for photonic circuits
it is important to study also the influence of in- and out-coupling of ligt and thus the transmission
behavior. To analyze the transmission of the cavity with respect to its quality factor the temporal
coupled mode theory (CMT), first introduced by Haus [46], is used. Using CMT we can quickly
determine the transmission properties of a cavity device without the need of performing full
transmission finite-difference time-domain (FDTD) simulations. This model features a single-
mode cavity with a resonance frequency ν0. The isolated cavity is characterized by the quality
factor Q0. Q0 includes the losses inside the cavity, i.e. absorption and out-of-plane scattering
and describes the coupling of the cavity mode to the leaky modes above the light line. The
structure with in- and out-coupling waveguides is influenced by an additional external quality
factor Qwvg. Thus, it depends on the confinement of the light inside the cavity. The external
coupling factorQwvg accounts for losses due to coupling between the cavity and the waveguides.
It depends therefore mostly on the overlap of the waveguide mode and the cavity mode. The
temporal coupled mode theory is actually based on a temporal differential equation describing
the balance between incoming and outgoing field fluxes. For a good overview of its application
see chapter 10 in reference [34].
The transmission of such a cavity with in- and out-coupling waveguides is given by [47]:
T =
4τ 2tot
τwvg
, (1.21)
where 1/τtot is the energy decay rate of the complete device and 1/τwvg is the decay rate due to
coupling of light into and out of the cavity. We assume, that this decay rate is the same for the
in- and for the out-coupling. Thus, the total decay rate of the complete device 1/τtot is given
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by:
1
τtot
=
1
τ0
+
2
τwvg
(1.22)
with (1/τ0) the energy decay rate within the cavity. Combining equation 1.21 and 1.22 yields
for the transmission:
T =
(
1− τtot
τ0
)2
, (1.23)
With Qtot = ω0τtot, Q0 we obtain:
1
Qtot
=
1
Q0
+
2
Qwvg
(1.24)
Expressing the decay rates in terms of the quality factors (equation 1.22) one obtains for the
transmission T and reflectivity R, respectively:
T =
∣∣∣∣∣ 11 + Qwvg
2Q0
∣∣∣∣∣
2
, (1.25)
R =
∣∣∣∣∣ 11 + 2Q0
Qwvg
∣∣∣∣∣
2
. (1.26)
The case of zero loss (lim Qwvg
Q0
→ 0) leads to R = 0 and T = 1. For the case of equal external
and internal cavity loss (Qwvg = Q0), 19 of the incoming power is reflected, 49 is transmitted and
4
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contributes to the loss. For many device applications it is favorable to reach a transmission
as high as possible (T ≈ 1) and thus Q0 >> Qwvg. Therefore the total quality factor is only
limited by the coupling into and out of the cavity. The model is a simplification with regard
to reality in the manner that both the waveguide and the cavity are assumed to be single mode.
Therefore some effects like mode-mixing back-reflections at the waveguide exit and the facets
are neglected.
In conclusion, it is important to optimize the isolated cavity such that its Q-factor is max-
imum since through external losses and especially by adding the in- and out-coupling waveg-
uides the total Q-factor of the complete device is reduced or can be reduced to a desired height.
1.2.4 Circular Grating Resonators (CGRs)
Special types of micro-cavities, which are investigated in the first part of the presented work, are
circular grating resonators (CGRs). They are formed by PC mirrors wrapped around a central
region. As seen in the previous section it is improtant to optimize the isolated structur with
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respect to its quality afctor since by adding the in- and out-coupling wavegudies the quality
factor of the complete devce gets reduced. In the following the basic concept of the CGRs will
be introduced.
Z in
SiO2
Zout
light
Si
defect with 
radius rc
in- andout-coupling waveguides
Figure 1.9: CGR consisting of a central defect, with a radius rc, surrounded by concentric
rings. Zin is the number of rings defining the Bragg mirror and Zout is the number of additional
rings confining scattered light. Light is coupled in and out of the CGR by adjacent waveguides.
The CGR as well as the in- and out-coupling waveguides are made of Si as high-index material.
The design of a CGR is schematically illustrated in figure 2.6. A circular Bragg mirror is
formed by a number Zin of concentric silicon rings with a period a and a thickness h around the
central defect. The Bragg mirror itself imposes a photonic band gap, i.e., a stop band for a range
of radial wavevectors, which prevents lateral leakage of light from the cavity. For a given grating
period a and duty cycle D = q/a, where q is the width of the grooves between two adjacent
rings, the reflectivity R of the Bragg mirror can be increased by adding more rings. This is the
same behavior as observed for a PC cavity. The radius of the central defect rc determines the
resonance wavelength λ of the cavity. For small defect sizes, only few nodes of the resonant
optical field are located in the center, and the field exponentially decays in the Bragg rings.
Hence, the effective modal volume can be strongly reduced to a few cubic wavelengths. In- and
out-coupling of light are achieved by waveguides that partially penetrate the circular grating.
In addition, scattered light is confined by a number Zout of surrounding silicon rings, which are
intersected by the in- and out-coupling waveguides.
To reduce vertical losses and improve the Q-factor of the CGR, the geometry of the CGR
can be modified by introducing a chirp into the cavity near the central part. This chirp relaxes
the spatial mode confinement slightly, and thus it is possible to achieve even higher Q-values.
This will be discussed in more details in 3.4.1.
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1.2.5 Waveguide-embedded 1D Photonic Crystal Micro-Cavities
The second structure studied in the present work is a so-called 1D photonic crystal (PC) micro-
cavity directly embedded into a waveguide. In figure 1.10 the top view of the basic structure
mirror taper
a
b
mirrortaper
c
Figure 1.10: (a) Top view of the waveguide-embedded 1D PC micro-cavity without contact
leads. The cavity is formed on both sides by a mirror consisting of N periodic holes and a taper
formed by four holes. (b) The top-view of the structure with the electrical field distribution of
the resonance mode. (c) The top-view of the structure with contact leads with the electrical field
distribution of the resonance mode.
is illustrated. The cavity consists of a number of periodic holes N with radius r and lattice
constant a forming the PC mirrors on both sides of the cavity. To achieve a better mode match
between the cavity mode and the mirror mode a taper is formed by four chirped holes. It is
the smae principle as the induced chirp for the CGRs to relax the mode. The four holes have
different radii ri and are separated by different distances ai. The cavity is optimized such that
Q-factor is maximum. As seen in figure 1.10(b) the optical field is confined to the central part
of the cavity. The optical field only extends into the mirror and is centro-symmetric. This
symmetry can be used to position contact leads in a symmetric way. They are located such that
they coincide with the nodal planes of the opticalE-field of the resonance mode, as illustrated in
figure 1.10(c). This will minimize any interaction with the resonance mode and only introduces
small additional losses.
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1.3 Optical Modulator Based on Cavities
For optical data communication a key component is the modulator which imprints the data
stream from one source onto another, similar to an electrical transistor. Optical modulation
implies a change in the optical field due to either some applied signal such as typically an elec-
trical signal but also an optical signal or even by a mechanical change in the system. A very
important figure of merit for modulators is the ratio Q/V since high quality factor Q optical
micro-cavities confining light in small modal volumes V at optical wavelength scales are es-
sential components for signal processing. For a smaller cavity the total amount of free carriers
required to modulate a certain bandwidth is less. Thus, decreasing the size of the cavity reduces
the power needed (optical or electrical) without increasing the quality factor of the device. The
use of a resonant optical modulator enables ultra-small devices since they create an effectively
longer propagation path for the light inside the active material. In the present work we focus on
optical modulators based on cavities with in-and out-coupling waveguides, as illustrated in fig-
ure 1.11. Light with a frequency corresponding to the resonance frequency of the cavity enters
the cavity, is reflected several times within the cavity until it gets transmitted mostly through
the out-coupling waveguide. There are different ways of changing the transmission spectrum of
cw input at ω
0
at ω
0
electrical/optical
modulation signal
Q
0
 ,ω
0
Figure 1.11: Sketch of an optical cavity with in- and out-coupling waveguides. The arrows
indicate the direction of light with frequency ω0, which gets reflected at the boundary between
the in-coupling waveguide and the cavity, gets reflected several time in the resonator, which
resonance frequency is also ω0 until it gets transmitted through the out-coupling waveguide.
the cavity. Usually it is derived from a change in the refractive index of the material involved,
or its absorption or a change in the polarization. These properties can either be modified by
applying electrical fields or currents or other optical signals. Since the design of the modulator
determines the required refractive index change typically a change of at least 10−4 is necessary
to make the device viable at very small dimensions. When light from a laser source at the res-
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onance frequency is coupled into the cavity it gets reflected several time in the resonator until
it gets transmitted through the waveguide at the resonance frequency. The quality factor of the
cavity is Q0. If the properties of the cavity are changed the resonance frequency of the cavity
shifts from ω0 to ω = ω0+ δω. Therefore, light coupled into the cavity at the original frequency
ω0 will not be transmitted through the cavity and thus the out-coupled light is modulated as
illustrated in figure 1.11. Moreover a change in cavity properties can also lead to a change of
the quality factor due to absorption.
In the following, first the possible ways of modulating light in a silicon cavity and the effects
in silicon if an electrical field is applied or free charge carriers are induced are introduced.
Second, the boundary conditions of a cavity-based silicon modulator which are imposed by
optical, system and electrical constraints are discussed.
1.3.1 Modulation Mechanisms in Silicon
The complex refractive index can be written as n + iκ, where n is the real refractive index and
κ is the optical extinction coefficient, related to the linear absorption coefficient α by κ = αλ
4π
,
where λ is the optical wavelength. The absorption as known since long time can be modified
in semiconductor materials by either an external field effect or by a change in the material’s
charge carrier density. The change in the absorption leads to a change in the refractive index,
since they are both coupled by the Kramers-Kronig as follows:
∆n(ω) = (c/π)P
∫ ∞
0
∆α(ω′)dω′
ω′2 − ω , (1.27)
where ω is the photon frequency. The absorption itself may be modified by changing the free
carrier concentration ∆N . Furthermore, the application of an electrical field to the material
results in a change of the real refractive index ∆n (electro-refraction) and in a change of the
imaginary part of the refractive index∆α (electro-absorption) of the material. The main electric
field effects used in semiconductor materials are the Pockels effect, the Franz-Keldysh effect
and the Kerr effect.
1.3.1.1 Electric Field Effects
Soref and Benett [9] have investigated the electric field effects in silicon in great detail. In the
following their main results will be summarized.
The Pockels effect causes a change in the real refractive index ∆n. It is proportional to the
applied quasi-static electric field E and therefore the change in the refractive index is propor-
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tional to the applied voltage V . The Pockels effect induces a refractive index change depending
on the direction of the applied electrical field with respect to the crystal axes. Since bulk crys-
talline silicon (c-Si) has a centro-symmetric lattice, the Pockels effect is absent.
The Kerr effect, which is quadratic in the electric field, also causes a change in the real re-
fractive index. Using the anharmonic oscillator model of Moss et al. [48], Soref and Bennett [9]
predicted the refractive index change due to the Kerr effect to be in the order of 10−4 at an
applied field of 106 V/cm (see figure 4 in [9]). This is a relatively small effect compared to the
plasma dispersion effect, which will be discussed hereafter. Nevertheless, it can be exploited
for intensity modulations of signal light [13, 14, 49].
The Franz-Keldysh effect induces electro-refraction and electro-absorption. The absorption
spectrum of c-Si changes due to field-induced tunneling between valence and conduction band
states. Studies of Soref and Bennett showed that the influence on the refractive index change is
slightly larger than the Kerr effect [9].
1.3.1.2 Carrier Injection or Depletion
The plasma dispersion effect, which changes the free carrier concentration, results in a signifi-
cant change of the refractive index of silicon. Changes in absorption ∆α and real refractive in-
dex ∆n due to changes in the carrier concentration ∆N can be described by the Drude-Lorentz
equation [48, 50]:
∆α =
e3λ20
4π2c3ǫ0n
(
∆Ne
µe(m∗ce)2
+
∆Nh
µh(m∗ch)2
)
, (1.28)
∆n =
−e2λ20
8π2c2ǫ0n
(
∆Ne
m∗ce
+
∆Nh
m∗ch
)
, (1.29)
where e is the electron charge, ǫ0 is the permittivity of free space, n is the refractive index of
unperturbed c-Si, ∆Ne is the concentration of free electrons and ∆Nh of free holes, respectively
m∗ce is the effective mass of electrons, m∗ch effective mass of holes, µe is the electron mobility
and µh is the hole mobility. With equation 1.28 and 1.30 the Kramer-Kronig relation between
∆α and ∆n is given by:
∆n
∆α
= −cm
∗
cem
∗
chµeµh
2e
(
m∗ch∆Ne +m
∗
ce∆Nh
m∗2chµh∆Ne +m
∗2
ceµe∆Nh
)
. (1.30)
Soref and Bennett [9] studied experimental absorption and refractive index values from the
literature and fitted the theoretical curves obtained from equation 1.27 and ?? to the experi-
mental data, see figure 1.12. They derived a very useful expression to calculate changes in the
refractive index or in the absorption due to carrier injection or depletion in Si. At λ0 = 1550 nm
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Figure 1.12: (a) Refractive index change as a function of free carrier concentration of holes
and electrons. (b) Absorption change as a function of free electron concentration and free hole
concentration in bulk Si at a wavelength of 1550 nm.
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they obtain:
∆α = ∆αe +∆αh = 8.5× 10−18∆Ne + 6.0× 10−18∆Nh (1.31)
∆n = ∆ne +∆nh = −
[
8.8× 10−22∆Ne + 8.5× 10−18 (∆Nh)0.8
]
. (1.32)
where ∆ne is the change in the refractive index due to a change in the free electron carrier
concentration and ∆nh the refractive index change due to a change in the free hole carrier
concentration. ∆αe and ∆αh are defined accordingly. A carrier injection level in the order of
∆N = ∆Ne + ∆Nh = 10
18 cm−3 is a realistic value for electrons and holes. This results in a
refractive index change of |∆n| = 1.5 × 10−3at λ0 = 1550 nm which is more than an order of
magnitude larger than the changes due to the applied electric field described above. In addition
it leads to a change in the absorption of ∆α = 15 cm−1.
1.3.1.3 Thermo-Optic Effect
In addition to the electrical field effect and injection and depletion of free carriers in silicon it
is also possible to use the thermo-optic effect to modulate light. By applying heat the refractive
index of silicon changes by [51]:
dn
dT
= 1.86× 10−4/K (1.33)
This change of the refractive index due to a temperature change has also to be taken into account
when performing measurements. An increase in temperature of 5◦C results in a refractive index
change of +9.5×10−5, thus in an increase of the refractive index, whereas the change in carrier
injection results in a decrease of the refractive index. As the thermo-optic effect is rather slow
it can only be used up to approximately 1MHz modulation frequencies [52]. But from the shift
induced due to the thermo-optic effect the confinement factor of a cavity can be determined.
The confinement factor is defined as the ratio of light in the active cavity region to the total light
coupled into the cavity:
σ =
∫
cavity
ǫ(~r)E(~r)2d3r∫
ǫ(~r)E(~r)2d3r
. (1.34)
The change of the refractive index leads to a shift of the resonance frequency ω0:
δω =
(
1
1 + σδn
n
− 1
)
ω0. (1.35)
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where ω0 is the resonance frequency and δω its shift, n the refractive index and δn the induced
refractive index change. For δn
n
<< 1 equation 1.35 becomes:
δω
ω
= −σδn
n
, (1.36)
and thus
Q =
1
σ
∣∣∣ n
δn
∣∣∣ . (1.37)
Therefore, the confinement factor can be extracted.
1.3.2 Fundamental Limitations for (Electro-)Optical Modulation
Modulation of light can be achieved for example by applying an external electrical field or
an optical beam. In both cases free charge carriers are induced leading to a refractive index
change due to the plasma dispersion effect. Important thereby is the desired switching speed
that defines certain physical limitations for the optical part (cavity) as well as for the complete
device. If an external electrical field is applied an additional p-i-n junction is necessary. Thus
there are limitations give either through the optical cavity itself but also through the electrical
contacts forming the p-i-n junction. If light is modulated with an optical beam limitations are
given through the pump pulse rate and duration. Therefore, the optical restrictions of the cavity
given through the Kramers-Kronig dispersion relation the constraints for the electrical contact
leads will be discussed.
Optical Restrictions and Photon Lifetime
From literature and experiment it is realistic to assume an achievable change in the carrier con-
centration of ∆N ≈ 1018 cm−3 in silicon. For a wavelength of λ = 1550 nm this corresponds
to a maximum refractive index change of |∆n|max = 1.5× 10−3 (equation 1.32). In figure 1.13
the switching speed νspeed and the quality factor Q are plotted as a function of the confinement
factor σ for refractive index changes of ∆n = 1.5 × 10−2, 1.5 × 10−3 and 1.5 × 10−4, respec-
tively. From simulation and measurement results the confinement factor is assumed to be in
the range of about 60% to 80%. According to figure 1.13 taking only the optical restrictions
into account this leads to a Q > 2000 for ∆n = 1.5 × 10−3. For a cavity with no absorption
the resonance needs to be shifted at least by the distance of the full width at half maximum
(FWHM) to achieve a 3 dB extinction-ratio. Thus:
δω ≥ FWHM = ∆ω0 =⇒ Q ≥ 1
σ
∣∣∣ n
δn
∣∣∣ =⇒ Q ≥ 2000. (1.38)
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Figure 1.13: Switching speed νspeed and quality factor Q as a function of the confinement factor
σ for a refractive index change of 1.5 × 10−2, 1.5× 10−3 and 1.5 × 10−4.
But through the Kramers-Kronig dispersion relation a change in the refractive index is coupled
to a change in the absorption. For a change of ∆N = 1018 cm−3 due to free carriers this leads to
∆α = 14.5 cm−1 which corresponds to additional losses of 63 dB/cm. The maximum Q-factor
which can be achieved through these additional losses is Q = 2π
λ∆α
= 2800. Thus, ∆α can not
be neglected. Hence the totalQ-factor of the cavity, given by 1
Qtot
= 1
Q∆n
+ 1
Q∆α
, isQtot = 1800.
Furthermore the restriction given through the photon life time in the cavity, defining the maxi-
mum switching speed has to be taken into account. To get a modulator with a desired switching
speed of 10 to 40GHz the following boundary conditions for the quality factor Q for a cavity
without absorption are given from figure 1.13: Q0 ≤ 5000, leading to the total restriction of the
Q-Factor of 1800 ≤ Q0 ≤ 5000.
Restrictions due to Electrical Contact Leads
From an electrical point of view there will be limitations to the speed of the modulator because
of series resistance and capacitance of the contact leads and pads for the electrical modulation.
Therefore, in the following a rough estimation will be made. Figure 1.14 schematically illus-
trates the layout and the simplified equivalent electrical circuits. The device is based on a p-i-n
structure for carrier injection and depletion. Taken into account in the calculations is the capac-
itance C of the contact pads and the capacitance of the i-region of the waveguide as well as the
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resistance R of the contact leads. Thus, we can estimate the τ = RC time constant which is
the 1/e decay time of the initial value. With this the maximal achievable switching speed with
this type of contact layout can be determined. The resistance of the contact leads of uniform
RL,n
RL,pCL
CL
RL,n RL,p
Cc Cc
Contact 
pad
Contact
pad
BOX SiO2
Si
L
h
hBOX
lLlL
n-type p-type
CL CL
Contact leads
Contact leads
Figure 1.14: Schematic sketch of the electrical circuit of the p-i-n junction.
resistivity is given by [53]:
R =
ρlL
wh
, (1.39)
where ρ is the resistivity of the material, lL = 5µm is the length, dC = 70 nm is the width
and h = 220 nm is the thickness of the contact leads. For silicon doped with arsenic (NAs =
8 · 1019 cm−3) or boron (NB = 2 · 1019 cm−3) ρ is 0.0012Ωcm and 0.0051Ωcm, respectively.
With equation 1.39 the resistivity of the two contact leads becomes for the boron-doped contact
lead RL,p = 16.5 kΩ and for the arsenic-doped contact lead RL,n = 3.9 kΩ, respectively. The
capacity between the contact pads Cc and the Si is given by:
CC = ǫ0ǫSiO2
A
hBOX
, (1.40)
26
1.3. OPTICAL MODULATOR BASED ON CAVITIES
with ǫSiO2 = 3.9 the specific permittivity of silicon dioxide, A is the contact area (A = 60µm×
80µm) and hBOX = 2µm is the thickness of the buried silicon dioxide of the wafer. Thus,
Cc = 83 fF. The capacitance between one contact lead and the Si is CL = 0.14 fF. Taken all
this into account a capacitance of C = 166 pF comes out. Since the RC-time gives the upper
limitation of the switching speed given by the contact configuration we get a cut-off frequency
of fc = 1/2πRC = 500MHz, taking all five contact leads into account and the two contact
pads. From a Silvaco model of the structure assuming very long contacts without contact pads
a switching speed of about 20GHz is achievable. Therefore by further optimizing the p-i-n
junction a higher modualtion speeds would be possible.
27
1. FUNDAMENTALS
1.3.3 State of the Art
In order to set this thesis into the context with the state of the art table 1.1 lists an overview
of recently demonstrated electro-optical modulators in literature. Among these are several pro-
posed modulators which helped the further development of the experimentally demonstrated
devices [54, 55, 56, 57, 58]. For high levels of integration devices with relatively short inter-
action length are desirable. Moreover low-power consuming devices are needed since at high
current densities the thermo-optic effect may induce an opposite effect on the refractive index
change. Most of the reported devices especially in early times of silicon photonics show very
long interaction length and high injection currents. To achieve larger confinement and enhance-
ment of the optical field in a very small region micro-cavities are used. Since the transmission
near their resonance is very sensitive to small index changes micro-cavities are promising can-
didates for devices with small footprints and therefore relatively short interaction length [54].
Moreover the electrical power needed for the modulation is very low because of a very small
active region. The decrease in the cavity size and thus the current density can be seen in ta-
ble 1.1.
Year Author Electrical Optical Amplitude Current Device Ref.
Structure Structure Modulation Density Length
[%] [kA/cm2] [µm]
1987 Lorenzo et al. p-i-n CS 50 1.26 2000 [59]
1989 Hemenway et al. p-i-n MZI 30 100 v.d. [60]
1991 Treyz et al. p-i-n MZI 76 3.4 500 [61]
1991 Xiao et al. p-i-n FP 10 6.0 v.d. [62]
1994 Liu et al. p-i-n YS > 90 9.0 800 [63]
1991 Liu et al. p-i-n TIRS > 90 12.5 200 [64]
2004 Liu et al. MOS MZI > 90 - 10000 [12]
2005 Liao et al. MOS MZI 50 - 3500 [65]
2005 Xu et al. p-i-n RR > 90 0.11 12 [13]
2005 Xu et al. p-i-n RR > 97 0.5 12 [49]
2007 Green et al. p-i-n MZI - 5 pJ/bit 100-200 [49]
2007 Schmidt et al. p-i-n 1DPCW > 90 - 6 [66]
2009 Tanabe et al. p-i-n 1DPCW > 90 - 2.5 [67]
Table 1.1: Comparison of electro-optic modulators reported in literature (CS = cross-switch,
MZI = Mach Zehnder Interferometer, FP = Fabry-Pérot, TIRS = total internal reflection switch,
RR = ring resonator 1DPCW = 1D photonic crystal waveguide cavity).
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There have also been reports of all-optical switches in literature such as the ones presented in
references [14, 15, 17].
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1.4 Computational Methods for Optical Simulations
Phenomena including electric fields, magnetic fields and their interaction are described by
Maxwell’s equations [68]. Special cases with unknown analytical solutions have to be solved
with numerical methods where complexity is only constrained by computing power and mem-
ory. For the purpose of photonics, computing is very auspicious since the relevant material
properties are well known, Maxwell’s equations are exact and the length scales are not too
small. Therefore it is possible and also preferable to optimize the design of photonic structures
first and simulate their behavior and subsequently manufacture them. There are two common
computational approaches to study dielectric structures: frequency domain and time domain
simulations. In frequency-domain eigenproblems, the band structure ω(k) and the associated
fields are obtained by expressing the problem as a finite matrix eigenproblem. The eigenvectors
and eigenvalues are found by linear-algebra techniques. In time-domain, on the other hand, the
fields E(r, t) and H(r, t) propagate in time and usually start with a time-dependent source.
The next two sections briefly present the methods that were intensively used in this thesis
to perform numerical simulations and optimization. Each method yields different information
about the computed system and they complement each other very well. First, the frequency-
domain method will be discussed, which was used to design and optimize the photonic feedback
structure by calculating its band structure and by optimizing its band gap. Second, the time-
domain method is introduced, which is used to calculate the temporal evolution of the field in
the cavity structure in order to derive the resonance frequency and the quality factor as well as
transmission and reflection spectra.
1.4.1 Frequency Domain Method
Electronic band structures are well-known in solid state physics as they give an excellent method
to describe the behavior of electrons in the crystal lattice of the material. In photonics, band
structures can be used in a similar way to describe photonic crystals. The band structure and
eigenstates of infinite periodic dielectric geometries in this work have been calculated by using
an open-source software package called MIT Photonic Bands (MPB) [69]. It is a fully-vectorial
eigenmode solver of Maxwell’s equations with periodic boundary conditions, that employs a
preconditioned conjugate-gradient minimization of the block Rayleigh quotient in a plane-wave
basis, see [70, 71, 34]. All modes will be obtained by the algorithm in a single run. However,
this method is not capable of calculating time dependent effects like decay times and therefore
quality factors. The algorithm has problems with radiating modes because it assumes periodic-
ity in all three dimensions which is not given for the structures investigated in this work. Nev-
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ertheless, by working with rather large sizes of the computational unit cell in the non-periodic
directions, sufficient accuracy can be obtained.
Band Structure Calculations (MPB)
The Maxwell’s eigenproblem for the frequencies of a periodic system is:
[
(ik +∇)× 1
ǫ(~r)
(ik +∇)×
]
uk(~r) = Θˆkuk(~r) =
ω(~k)2
c2
uk(~r) (1.41)
where uk(~r) is the periodic Bloch envelope of the magnetic field Hk = eikruk(~r) and ǫ(~r)
is the dielectric function. Since uk(~r) is periodic only the finite unit cell of the structure is
needed for the computation, as seen in chapter 1.1. Moreover, the eigenequation must satisfy
(i~k +∇)uk = 0. The band structure is obtained by the solution of equation 1.41 as a function
of k. MPB evolves this eigenequation by discretizising it into N degrees of freedom by using
the plane wave basis [34].
We can use the symmetries of the photonic crystal to characterize its electromagnetic modes.
Inputs for the simulation are the geometry of the structure as well as the number of computed
bands (eigenmodes) at each k point and the set of Bloch wave vectors are needed. There are
two special points of symmetry which are of particular interest to us: the Γ-point (k = 0 and
the X-point (k = π
a
). In the following work the band gap is of importance. For a 2D PC the
frequencies at the X-point of the irreducible Brillouin zone are of interest to calculate the band
gap. But as noticed during the present work to get a reliable band gap the continuous band
structure between the Γ and the X point has to be computed to see if the band gap is complete.
It is possible that due to higher order modes the effective band gap is smaller. Hence, the higher
order modes will disturb the system.
1.4.2 Time Domain Method
Finite-difference time-domain (FDTD) is a well-established electrodynamics modelling tech-
nique, where a wide frequency range with a single simulation run can be covered. In FDTD
space and time are divided into a grid of discrete points. The derivatives (∇×, ∂
∂t
) are repre-
sented on the grid by finite differences. At any time in space the new value of the E-field is
dependent on the stored value on a particular grid point at time t − ∆t plus the curl of the H-
field at time t − ∆t
2
at that point and vice versa for the H-field at time t + ∆t
2
. In this way, as
proposed in 1966 by Kane Yee [72], the field pattern are iterated through time with an offset of
half a time step ∆t. A detailed description of such methods can be found in [73].
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The second computational software used in this thesis is MEEP (MIT Electromagnetic
Equation Propagation) an open-source FDTD simulation software package developed at MIT [74].
MEEP is based on spatial and temporal discretization. This algorithm yields the field as they ac-
tually propagate through the device, which is of great interest for the understanding of photonic
systems. It uses dimensionless units where constants such as electric permittivity ǫ0, magnetic
permeability µ0 and speed of light c are set to unity. As a unit of distance a characteristic length
scale in the system, a, is used as scale-invariant unit. MEEP offers three types of terminations
as boundary conditions: metallic walls, periodic boundary conditions or perfectly matched lay-
ers (PML) for absorbing boundaries. A sub-pixel smoothing [75] for the dielectric function
is included to improve the accuracy and/or reduce the computation time. Among other fea-
tures it supports dispersive dielectric functions ǫ(ω) (including loss/gain), nonlinear materials
(Kerr and Pockels) and field analysis including flux spectra, frequency extraction, and energy
integrals [76]. FDTD is well suited for simulating the evolution of fields, e.g. decay-time cal-
culations. However it is not guaranteed that the result includes all optical eigenmodes. By
accidentally positioning the source or the observation point in an intensity minimum of a mode
it may be hidden in the result. A lot of time steps have to be calculated to resolve close-by
peaks in the Fourier spectrum. In addition MEEP can use symmetries of the structure to reduce
the calculation time by 50% for each symmetric axis. But since in MEEP the symmetries in-
clude also sources as well as theE-andH-field only the modes that share the symmetry will be
excited during the simulation. Furthermore, the cylindrical symmetries can be used to reduce
the computation time. Thus, we only have to calculate one slice which will than be integrated
analytically over the azimuthal angle by MEEP.
In the following work MEEP was mainly used to simulate transmission and reflection spectra,
but also for the field evolution in time as well as to compute resonant modes or eigenmodes of
a given structure.
Transmission and Reflection Simulations
The most efficient way to compute the transmission and reflection is to compute the response in
a single computation by Fourier-transforming the response to a source pulse which has a broad
spectrum. In the following a generic cavity where light enters through a in-coupling waveguide
and gets transmitted through the out-coupling waveguide (and also partially back reflected into
the in-coupling waveguide) is studied. To obtain a normalized reflectivity and transmission
through the structure two calculations are performed: one without (top of figure 1.15) and one
with (bottom of figure 1.15) scattering structure. Only the region over which the flux has to be
integrated as well as the frequency spectrum of the source has to be specified. In a first run, the
straight waveguide without cavity is simulated. The flux planes for the reflected and transmitted
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Figure 1.15: Side view of the geometries to calculate the reflectivity R and transmision T
through the generic cavity. (a) only the straight waveguide with the flux planes R and T is
calculated. (b) the waveguide with the cavity structure is simulated having the source and the
flux plans at the same position. The results of the first calculation are then used to obtain the
normalized reflection R and transmission T .
power are located at the same place as in the second run, where the cavity is taken into account.
The waveguide before and after the structure has to be sufficiently long such that only the guided
modes are taken into account and all non-guided field contributions are propagated sideward.
Thus, the flux planes have to be positioned such that the power through both flux planes is the
same. To finally get the transmitted spectrum the power has to be normalized by running the
simulation twice. Therefore, first, the reflected and transmitted flux are calculated for a straight
waveguide only, as in figure 1.15(a) and second they are calculated for the waveguide with the
cavity as in (b). And than the computed reflected and transmitted flux of the waveguide with the
cavity are normalized by the incident flux of the first run without cavity to obtain the reflectivity
and transmission spectra.
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34
2 Fabrication and Characterization
Methods
Silicon is a very desirable material for the fabrication of small, low-cost optical components due
to its various qualities. Since silicon has been used for already a long time in the semiconductor
industry the fabrication techniques are well understood and can be transferred to the fabrication
of optical components. Therefore, silicon-on-insulator (SOI) as a substrate is the material of
choice due to its very good optical properties at telecommunication wavelength and furthermore
its compatibility with CMOS technology. It is an excellent material for optical waveguides
since it has a high refractive index contrast (refractive index for silicon nSi = 3.48 and for the
oxide nSiO2 = 1.46), leading to a strong optical confinement. On the other hand it enables the
fabrication of devices with very small lateral dimensions. Si and SiO2 are both transparent near
the wavelength of 1300 nm and 1550 nm.
SOI is not only a good material for photonic applications but also for electronics. It better
isolates the active structure from the Si substrates and therefore reduces carrier leakage and
capacitive coupling. Thus, SOI is a very suitable material system for photonic devices with
electrical functionalities [77].
In this chapter the fabrication technology as well as the experimental methods are presented.
Fabrication of the silicon photonic structures requires advanced semiconductor processing tech-
nologies shortly described in the first part of this chapter. In the second section the different
methods for the characterization of the passive and active devices as well as the used setups are
discussed.
2.1 Fabrication
Nanophotonic structures have a typical smallest feature size of a few nanometers. However, the
fabrication accuracy depends on the resolution of the fabrication process and is in the order of
5 to 10 nm or even better. In this work the photonic devices have been fabricated using electron
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beam lithography (EBL) and reactive ion etching (RIE) as main fabrication process steps. All
devices are fabricated on SOI substrate materials. The fabrication of the structures itself has
been performed at AMO GmbH in Aachen, Germany.
2.1.1 Pattern Definition
Commercially available SOI wafers from SOITEC, which are fabricated using wafer bonding,
are used for the devices of the presented in this work.
thickness h resistivity ρ BOX type of
[nm] [Ωcm] [µm] doping
220 8.5-11.5 2 p
340 1-2 2 n
Table 2.1: Parameters of the SOITEC wafers used for the fabrication with a top a Si layer with
a thickness of 220 and 340 nm respectively.
In table 2.1 the main characteristic parameters of the used wafers are summarized. They consist
of a 2µm thick buried oxide layer (BOX) and a 340 nm or a 220 nm thick Si device layer,
respectively. The intrinsic doping level of the silicon is in the order of 2× 1015.
There are different techniques to define a pattern on a wafer, whereas the further processing
schemes are all quite similar. The general process flow is illustrated in figure 2.1. The electron
beam lithography processes used here to fabricate the photonic devices is based on the use of
hydrogen silsesquioxane (HSQ) as a negative tone resist material. The substrate wafers are
cleaned and a 200 nm thick HSQ layer is spun on the wafer. After baking, the resist is ready
for the exposure, see figure 2.1(a) and (b). The exposure of the resist is performed by a Vistec
EBPG 5000 electron-beam lithography tool (figure 2.1(c)). Electron-beam lithography uses a
focused electron beam with 100 keV beamenergy and with a spot-size of 5 nm, which is scanned
over the resist. No mask is needed, which makes the EBL very flexible and therefore suitable
for fast realization of different nanophotonic layouts. After the exposure step an optimized high
contrast development process is applied to achieve high resolution, a step resist profile and a
smooth resist surface.
Pattern transfer by dry etching is carried out using an Oxford Plasmalab 100 ICP-RIE tool.
A two-step HBr-chemistry-based inductively coupled RIE etch process [78] (figure 2.1(d)) has
been used.
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Figure 2.1: Schematic overview of the processing: (a) SOI-wafer (b) wafer with 200 nm thick
negative resist (HSQ). (c) Exposure of the photo resist using e-beam (e) resist development (d)
etching to transfer pattern to the wafer.
First, in the main etch step, pure HBr is used. The etching time for the step is set to stop at a
residual top-Si thickness of 20 nm. Then the etch conditions are changed to the second or over
etch step by using mixture of HBr and O2. The over etch step exhibits an excellent selectivity
between the top-Si and the buried oxide. The entire process flow, including lithography and
etching, has been optimized to minimize the side-wall roughness of the devices while maintain-
ing the dimensional accuracy of the structures. The etching process was followed by a cleaning
process to remove the passivation layer deposited during etching.
In figure 2.2 scanning electron microscopy (SEM) images of the fabricated devices are shown.
The available EBL processes have proven to guarantee high critical lateral dimension accu-
racy, low sidewall roughness and good chip-to-chip reproducibility. Therefore, an EBL-based
fabrication is suitable for fast prototyping and exploration of the potential of different design
variations necessary in this work.
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p+-doped
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n+-doped
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Figure 2.2: Scanning electron microscopy images of both investigated device structures, (a)
circular grating resonator with in- and out-coupling waveguides and (b) 1D photonic crystal
waveguide micro cavity with electrical contact leads. The p+-doped region is marked with red
color and the n+-doped region with green color.
2.1.2 Silicon Doping
The effective refractive index of silicon resonators can be electrically modulated by injecting
electrons and holes using p-i-n junctions embedded into the resonator design. The highly doped
n+ and p− regions are defined around the resonator by ion implantation. In figure 2.2(b) a
SEM image of a 1D photonic crystal waveguide micro cavity with contact leads is shown.
Regions for the n+-doping have been defined in a positive tone resist material, PMMA (poly-
methylmethacrylat), again by electron beam lithography. Arsenic has been implanted into those
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regions with an area dose of 3×1015 Ions/cm2 at 50 keV acceleration voltage. After the implan-
tation process, the complete removal of electron sensitive resist materials exposed to such high
implantation doses requires a dedicated cleaning process. For the removal of the ion-implanted
PMMA layer a two-step plasma etching process is used. In the first step, the top layer of the
resist, which received the highest arsenic dose, is slowly removed using adequate process pa-
rameters. In the second step, the main part of the PMMA is removed using a standard set of
process parameters. After the removal of the resist mask the dopants are activated for 45 s at
9300 C in a rapid thermal annealing (RTA) process. To define the p+-regions of the device, the
same process flow as for the n+ regions has been used. Process parameters have been changed
accordingly. Instead of arsenic boron has been used as dopant. The area dose has been kept at
3 × 1015 Ions/cm2, but the acceleration voltage has been set to 10 kV. Again, special care has
been taken to remove the resist mask after the implantation. Activation has been performed for
15 s at 9300 C.
Finally, the metal deposition has been carried out. The contact areas of the devices have
been defined in a two-layer MMA/PMMA resist stack by e-beam lithography. A two-layer
metal contact consisting of a thin titanium-layer and a 120 nm gold layer has been deposited.
An acetone lift-off has been made to remove the metal from all areas except the contact regions.
2.2 Optical and Electro-Optical Characterization
Methods
Once the micro cavities have been fabricated their optical (and for the active devcies also the
also electrical) properties are investigated. In this section the different measurement methods for
the optical (and electro-optical) characterization as well as the respective setups are presented.
2.2.1 Linear Optical Transmission Measurements
To characterize the micro cavities as passive devices the transmission spectra are measured.
The measurement setup is illustrated in figure 2.3. The input and output fibers are mounted on a
high-precision translation stages with 3 degree of freedom. The sample is mounted on a vacuum
chuck on a linear stage. Linearly polarized light from a tunable single-mode continuous-wave
laser source (EXFO IQ-2600) is coupled into the device using either single-mode (SM) tapered
lensed fibers (Nanonics) or polarization maintaining (PM) lensed fibers. The tuning range of
the laser covers wavelengths between 1510 and 1610 nm. The tapered lensed fibers have a
working distance of 4µm and a spot size diameter of 1.7µm. The light transmitted through the
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Figure 2.3: Schematic drawing of the measurement setup for linear optical transmission mea-
surements for the CGRs (a) and the 1D photonic crystal waveguide cavities (b). (c) Photo of
the central part of the setup, which is identically for both measurements (a and b): The device
is mounted on a vacuum chuck with in- and out-coupling waveguides. A microscope allows
visual inspection of the device and is used for the initial alignment.
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device is coupled into to a fiber which is connected to a power meter (EXFO IQ-1600) to detect
the transmitted power. The entire measurement system is controlled using LabView (National
Instruments) is a platform and development environment for a visual programming language.
In a first step the fibers are positioned visually through a microscope camera (figure 2.3(c)).
Thereafter, to optimize the coupling from the fiber to the device and vice versa, the position of
the fiber is optimally located by scanning the automated probe stage in all three dimensions to
find the maximum transmission. For the characterization of the CGRs a polarization controller
(EXFO IQ-5100) is used to control the polarization of the input light. This allows changing the
polarization state without having to realign the fiber. The disadvantage is that the polarization
state is not known exactly. However, by exploiting the knowledge about which polarization
the device shows the highest efficiency, the transmission can be optimized by changing the
polarization with the polarization controller. In the case of the 1D photonic crystal waveguide
micro cavities the polarization controller is replaced by an in-line polarizer (JDS FITEL Inc.
PL100-2U-15-FP) and the coupling fiber is replaced by a PM fiber. The PM fiber is mounted
on the fiber-holder such that the emitted light has the desired polarization.
To normalize the transmission through the device straight waveguides in the vicinity of the
devices are used.
2.2.2 Scanning Near-Field Optical Microscopy
To study the modal intensity distribution in more detail Scanning Near-field Optical Microscopy
(SNOM) measurements are performed. SNOM is a scanning probe technique similar to Atomic
Force Microscopy (AFM). SNOM allows to probe the details in the optical intensity distribution
inside the cavities at a resolution of about 100 nm, i.e. λ/15, that cannot be obtained by conven-
tional far-field microscopy. Simultaneously the topography of the device is recorded. SNOM
provides direct access to the evanescent field [79] and allows a quantitative measurement of
propagation losses [80].
2.2.2.1 Basics of Near-Field Imaging
It is very challenging to get the solution of Maxwell’s equations with rough surfaces as boundary
conditions and therefore the quantitative treatment of near-field imaging is very demanding. In
general it is a great problem of imaging how an E-field distribution E(x, y, z0) in the object
plane (at z0 = 0) propagates to the image plane z = zi. We can write E(x, y, z0) in terms of
Fourier components in the xy-plane eik‖r‖ , where r‖ = (x, y, z0) and k‖ are the different spatial
frequencies parallel to the surface. For a monochromatic wave with λ = 2π
k0
the following
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expression is valid:
k20 =
(
2π
λ
)2
=
ω2
c2
= k2‖ + k
2
z (2.1)
kz =
√
ω2
c2
− k2|| (2.2)
where ω is the optical frequency, c is the speed of light and kz is the wave vector component
perpendicular to the surface. If
∣∣k‖∣∣ > ωc , kz in equation 2.2 is pure imaginary which means,
that the field is evanescent and thus not propagating in the z-direction into the far field towards
the image plane. To use the evanescent mode for imaging they have to be converted into prop-
agating modes to get near-field imaging technique. This can be done by placing a sharp optical
fiber tip, which acts as a near field probe, close to the surface of the sample. To control this
distance the so-called shear-force feedback control [81] is used in this work. It is a distance-
control-based on force microscopy, where a fiber tip is excited to lateral oscillations of a few
nanometers. At the same time the amplitudes of these oscillations are detected. Approaching
the tip to the surface leads, due to the interaction of the tip with the sample, to a damping of
the amplitude and to a phase shift. These two signals are used to provide a feedback which is
sent to the piezoelectric element. If then the amplitude of the tip’s oscillation is kept constant
the tip-surface distance is stabilized to a certain value, typically about 10 nm. Scanning the tip
over the surface and recording the piezo voltage leads directly to the topography of the sam-
ple. But the physical origin of the shear-force mechanism is still not quite clear. On one hand
its believed that under ambient condition a few nanometer thick water layer present on every
surface, damps the oscillation [82]. On the other hand shear-force also works under cryogenic
conditions as well as in ultra high vacuum chambers, where this water layer is absent. Under
these conditions a mechanical knocking [83] seems to be responsible for the shear-force.
Looking at the resolution of SNOM there are two important parameters [84, 85]. First, the dis-
tance between the fiber tip and the surface of the sample is a crucial parameter for the resolution
of a SNOM. An object can be detected with a resolution d, if the tip-surface distance is smaller
than d/2π. Second, the tip geometry determines the resolution.
2.2.2.2 SNOM configuration
The measurement setup used in the present work is schematically illustrated in figure 2.4. The
SNOM tips are produced from SM optical fibers (cladding diameter 125µm) with a commer-
cial pipette puller (Sutter Instruments P-2000). The procedure is described in detail in refer-
ence [86]. The tip is glued along the side of a prong of quartz-crystal tuning fork [87]. The
other end is connected to an infrared single-photon-counting avalanche photodiode. To excite
the tip an AC voltage of 10mV is applied between the inner grounded electrode and one of the
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Figure 2.4: Block diagram of the shear-force control loop and the optical detection.
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arms of the cantilever. The oscillation amplitude is strongly enhanced as soon as the segment
is driven at the resonance frequency of the tip [87]. The working point is set to about 90% of
the maximum of the resonance. The sensitivity at that point is highest because the resonance
gets broader. The induced voltage between the segment and the inner ground electrode is first
amplified and filtered with a low noise preamplifier and then demodulated with a lock-in ampli-
fier where the function generator, which is used to excite the fiber tip acts as the reference. To
obtain the image the tip is scanned, while a avalanche diode detects the light collected with the
fiber tip. During the scan the surface-tip distance has to be held constant with a PI-controller (P
represents the proportional and I the integral gain). The PI-controller delivers a control output,
which is first amplified by a high-voltage amplifier and then sent to the 3D piezo stage which
regulates the tip-surface distance.
2.2.3 Pump and Probe Spectroscopy
For a detailed analysis of the spectral and temporal evolution the resonant micro cavities are
investigated in a femtosecond pump and probe setup. The measurements on the CGRs are
carried out at the Technical University in Aachen (RWTH), whereas the measurements on the
waveguide-embedded 1D PC micro cavity are done at IBM.
The setup at the RWTH is schematically illustrated in figure 2.5. Pump pulses of 120 fs duration
Ti:Sapphire Laser
120 fs @ 800 nm
Synchronously Pumped OPO
220 fs @ 1563 nm
Time Delay
Spectrometer
∆t
Figure 2.5: Schematical illustration of the pump and probe setup used for the investigation of
the CGRs at the RWTH.
at a repetition rate of 82MHz are derived from a Ti:sapphire laser at 800 nm wavelength and
focused onto the device. This results in photo excitation of electron-holes pairs. The spectral
response of the device is probed by 220 fs long pulses from a synchronously pumped optical
parametric oscillator (OPO). These probe pulses are coupled to the SOI sample via PM lensed
fibers. A motorized translation stage provides an adjustable time delay ∆t between pump and
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probe pulses. By discrete variation of this time delay a time-resolved investigation of the trans-
mission spectra is possible by out-coupling the light from the respective SOI waveguides over
a standard multimode fiber to a sub-nanometer resolution optical spectrum analyzer (OSA).
Ti:Sapphire Laser
80-100 fs @ 830 nm
Synchronously Pumped 
OPO
150 fs @ 1530 nm
Delay Stage
OSA
Microscope Objective
(100X, NA 0.5)PM Tapered
Lensed Fiber
In-line Linear
Polarizer
200 mW
1200 mW
Sample
Lensed Fiber
Adjustable Neutral
Density Attenuator
∆t
+5 dBm
Spectral Width
~20nm
Camera
Figure 2.6: Schematical illustration of the pump and probe setup used for the investigation of
waveguide-embedded 1D PC micro cavities at IBM.
For the investigation of the waveguide-embedded 1D photonic crystal micro-cavities a very
similar setup at IBM is used. Figure 2.7 shows a schematical illustration of the setup. The
pump pulses is derived from a mode-locked Titanium Sapphire (Ti:Sa) oscillator (Tsunami,
Spectra Physics), which is pumped with 532 nm frequency-doubled diode-pumped solid state
laser (Millenia Spectra Physics). The pump pulse has a repetition rate of 80MHz at a center
wavelength of λ = 830 nm with a pulse duration of 100 fs. To delay the pump pulse relative to
the probe pulse the pump pulse is reflected from a corner mirror mounted on a delay stage. This
linear positioner stage has 50mm of travel distance and 0.1µm resolution (Physik Instrumente
M-605.2DD). To focus the pump spot onto the sample a microscope objective is used (Mitu-
toyo M Plan Apo NIR 100x with numerical aperture NA = 0.5, focusing length f = 2mm,
and working distance WD = 12mm). The same lens is also used for the camera (Princeton
Instruments, ProEM with f = 200mm achromatic lens) to be able to visualize the device and
to position the pump beam at the right location on the cavity. The probe pulse is created by an
optical parametric oscillator (OPO) (OPO PP Automatic, APE) pumped by the Ti:Sa. It emits
pulses of about 10 fs duration at a central wavelength of 1530 nm with full width at half max-
imum of 15 nm. This probe pulse is coupled into the in-coupling waveguides via polarization
maintaining single mode lensed fibers. For the positioning of the fibers and the sample XYZ
stages with 25mm travel distance and 0.005µm resolution (Newport VP-25XL-XYZ with XPS
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controller) are used.
2.2.4 Electro-Optical Characterization
For the DC electro-optical characterization performed at IBM the same setup as for the linear
optical transmission measurements is used. To electrically contact the pads micropositioners
cascade (DCM 200) with CuBe needles are used. The I-V characteristic is measured with an
Agilent B1500A with HR SMUS (high-resolution source and measurement units). AC measure-
ments were performed by Michael Waldow at the RWTH Aachen. In figure 2.7 the measurement
setup is schematically illustrated. To measure the dynamic response of the the modulator, elec-
Bias
Tee
Generator
Oscilloscope
UAC
UDC+UAC
UDC
Figure 2.7: Schematical illustration of the measurement setup at the RWTH Aachen for the AC
characterisation of the devices.
trical signals generated by a pulse-pattern generator are used. The AC signal from the generator
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goes through a bias tee and gets added to a DC signal of 2V to be above the thresholdvoltage
to see a possible modualtion effect. The output of the waveguide is then sent to a detector and
the waveform is recorded on an oscilloscope.
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3 Waveguide-Coupled Circular Grating
Resonators as Optical Modulators
In this chapter, circular grating resonators (CGRs) as optical modulators are investigated. This
type of cavity has already been studied by Asma Jebaly during her PhD here at IBM [88],
and therefore has been taken as starting point. However, she focused on lasing properties of
organic materials with CGRs as lasing resonators [28, 30, 24, 89, 90]. CGRs for lasing have
also been reported in literature [91] because of their promising properties. In the presented
thesis waveguide-coupled CGRs are demonstrated for the first time.
In the following, the optical properties as an optical modulator are investigated. First, the design
optimization will be illustrated. Second, the optical properties will be studied using different
measurement techniques. Additionally, the influence of a cladding on the structure as well as
the difference between TE and TM polarization will be investigated. A new design concept
is proposed and studied theoretically, namely the so-called chirped CGRs, in which a chirp
is introduced to the grating period. Finally, the chapter will be completed by a summary and
conclusion.
3.1 Design Optimization
The principle concept of the CGRs is explained in more detail in 1.2.4. For the basic design of
the CGR only the circular Bragg mirror without in- and out-coupling waveguides is optimized.
The Bragg mirror is optimized such that the band gap is at its maximum. A larger band gap
leads to a larger reflectivity R of the Bragg mirror for the same number of rings Zin. Thus, the
light decays more rapidly in the Bragg mirror, and the spatial extension of the cavity mode is
decreased. For the optimization the circular Bragg mirror is approximated by its corresponding
linear grating [28, 92], as illustrated in figure 3.1. Two types of devices are investigated: non-
cladded devices exposed to air on top, and cladded devices surrounded completely by SiO2 or
another material with a very similar refractive index such as HSQ or PMMA. The cross sections
for the two types of devices investigated, are illustrated in figure 3.1(a) and (b). The relevant
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Figure 3.1: Cross sections of the circular grating (a) exposed to air on top and (b) surrounded
by a cladding. The duty cycle D is the ratio between the width of the trench q and the grating
period a, i.e., D = q/a, and the height is htot.
geometrical parameters are the height h and the duty cycle D = q/a, where q is the width
of the grooves between two adjacent rings and a is the grating period. For the fabrication of
the devices, SOI wafers with a Si device target thickness of h = 340 nm are used. The total
height of the structure is htot = h + hHSQ, where hHSQ is a 90 -nm-thick residual resist layer
of HSQ on top of the Si ridges from the process flow (see figure 3.1(a)). Instead of removing
the HSQ layer, which would expose the structure to potential damage, the optically transparent
HSQ is left on the silicon structure and is taken into account in the simulation. Thus, the
total height is approximately htot ≈ 430 nm. For both types of devices the free parameters are
therefore reduced to the duty cycle D and the lattice constant a. These parameters are varied
to obtain the largest possible band gap centered around the target wavelength λ = 1550 nm.
At this wavelength, the refractive indices of Si, SiO2 and HSQ are nSi = 3.48, nSiO2 = 1.46
and nHSQ = 1.46, respectively. The corresponding band structures of the linear gratings are
simulated using MIT Photonic Bands (MPB) [93], which is explained in detail in chapter 1
section 1.4. The eigenstates and eigenvalues of Maxwell’s equation using a plane-wave basis
are computed. The upper and lower edges of the band gap ω2 and ω1 are calculated. Thus the
center frequency ωm = (ω2+ω1)2 as well as the relative width ω =
(ω2−ω1)
ωm
= ∆λ
λ
of the band gap,
the so called gap-midgap ratio, are obtained. Generally the gap-midgap ratio is expressed as a
percentage (e.g., 20% gap" refers to a gap-midgap ratio of 0.2).
3.1.1 Influence of the Cladding
As seen in chapter 1, where the basics of photonic crystals have been introduced, a photonic
band gap arises as soon as a dielectric contrast appears. The larger the dielectric contrast, the
larger the band gap. Therefore non-cladded devices are expected to exhibit a larger band gap
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because of a larger index contrast between Si and air than cladded devices. Cladding a device
has the advantage of protecting it and making the structure symmetric. This leads to better mode
confinement and thus losses. In a symmetric structure TE and TM polarizations are orthogonal
to each other. This is not the case for a non-cladded (not symmetric) device, where a mode can
have both polarizations. The symmetry also reduces the computational power needed for the
simulations.
To study the difference in the design optimization for non-cladded and cladded devices, we
restrict ourselves to TM polarization. For TM polarization the magnetic field is in the x, y-plane
and the electric field is in the z-direction (Hx, Hy, Ez).
First, let us discuss the non-cladded device, for which the residual HSQ layer has to be taken
into account during the optimization.
The results of the band gap optimization for the non-cladded device for TM polarization
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Figure 3.2: Discussion of a non-cladded device for TM polarization centered around λ =
1550 nm. (a) Band gap at the X-point as a function of the Si thickness h. (b) The band gap and
the lattice constant a as a function of the duty cycle D for a Si thickness h = 340 nm. (c) Band
structure of the configuration with maximum band gap for 340 nm. (d) Electric field patterns at
the X-point for band 1 and band 2. The grating positions are indicated by the black rectangles
and the colors indicate the amplitude of the field going from negative blue to positive red.
are illustrated in figure 3.2. In figure 3.2(a) the band gap at the X-point of the linear grating
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centered around λ = 1550 nm as a function of the height h is plotted. Each dot represents
one configuration with a certain duty cycle D, lattice constant a and height h. The first local
maximum of the band gap of ∆λ
λ
= 11% is reached for a thickness h = 300 nm with D = 0.15
and a = 375 nm. Increasing the thickness for a fixed duty cycle D increases the band gap. For
a Si thickness of h = 800 nm the maximum band gap of ∆λ
λ
= 36% is reached with D = 0.61
and a = 387 nm. For the Si height of interest, h = 340 nm the band gap and a are plotted
in figure 3.2(b) as a function of D. The linear grating, which maximizes the band gap for
h = 340 nm to ∆λ
λ
= 10.2% has a duty cycle D = 0.14 and a lattice constant a = 350 nm.
The second local maximum for h = 340 nm in figure 3.2(b) has a band gap of 8.7% with a
duty cycle D = 0.55 and a lattice constant a = 507 nm. The band structure of the optimum
configuration for h = 340 nm (D = 0.14 and a = 350 nm) is shown in figure 3.2(c). The black
line indicates the light line, ω = c
n
k. Only modes below the light line decay exponentially
and are therefore index-guided modes. Above the light line there are leaky modes, which are
radiating. Band 1 and 2 are both below the light line, and due to the index contrast between
Si/air and Si/SiO2 a gap appears at the X-point. It is a complete band gap and therefore for
frequencies within the gap the linear geometry acts as a mirror. Band 1 starts at k = 0, which
is the case for all structures investigated in this chapter. This is because for a wave entering
the structure, the latter appears like a slab with an effective refractive index and the different
Si ridges are not seen because the lattice constant of the structure is much smaller than the
wavelength. Therefore an infinite number of guided modes exist and no cut-off frequency is
given. In figure 3.2(d) the E-field patterns of band 1 and 2 at the X-point are illustrated. We
observe that band 1 and 2 are orthogonal to each other because for band 1 a nodal plane of the
electric field is in the air region whereas for band 2 the nodal plane is in the Si region. This
is expected from the Variational Theorem discussed in [34], where it is found that the low-
frequency modes concentrate their energies in high n-regions, thus the field is maximum in the
Si and high-frequency modes concentrate their energy in low n-regions and hence the nodal
plane of the E-field is in the Si. Moreover we observe the asymmetry of the structure without
cladding: the light decays more strongly into the SiO2 because of its higher refractive index,
than in air.
Now let us focus on the cladded device. The structure is periodic in the z, x-plane and
uniform in the y-direction. The operation Y → −Y is a symmetry of the structure and therefore
the wavevector can be classified into two distinct polarizations, namely TE and TM polarization,
whereas for a non-cladded device the TE and TM polarizations are not necessarily orthogonal to
each other. Thus, the mode can have a contribution of each polarization. Because of the cladding
of the structure with a material having a refractive index similar to the one of HSQ we are able
to ignore the residual HSQ, layer in the optimization, and therefore the total height is equal to
the height of the Si rings. In figure 3.3(a) the band gap at the X-point of the linear grating
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Figure 3.3: Discussion of a cladded device for TM polarization centered around λ = 1550 nm.
(a) Band gap at the X-point as a function of the Si thickness h. (b) The band gap and the lattice
constant a as a function of the duty cycle D for a Si thickness h = 340 nm. (c) Band structure
of the configuration with maximum band gap at the X-point for 340 nm. (d) Electricc field Ez
at the X-point for band 1 and band 2. The grating position is indicated by black rectangles and
the colors indicate the amplitude of the field going from negative blue to positive red. (e) Band
structure of the global maximum (f) Electric fields Ez at the X-point for band 1 and band 2.
centered around λ = 1550 nm depending on the height h is plotted. The band gap increases
with increasing height until the global maximum is reached for D = 0.67 and a = 406 nm.
Figure 3.3(b) shows the band gap at the X-point and the lattice constant as a function of the
duty cycle D for h = 340 nm. We see two local maxima, one for D = 0.12 with a band
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gap of ∆λ
λ
= 3% and a = 313 nm and a second maximum ∆λ
λ
= 16.3%, which is also the
maximum configuration for h = 340 nm with D = 0.65 and a = 467 nm. Figure 3.3(c) shows
the band structure of the configuration with the largest band gap at the X-point for h = 340 nm.
A complete band gap (green) arises. The corresponding Ez-fields are plotted in (d) and show
the orthogonality of these two bands. In contrast, the band structure of the global maximum
illustrated in (e) has no complete band gap for all wavevectors. There are higher-order modes
coming from bellow band 2 resulting in a incomplete band gap. Because of this higher-order
mode light entering with a frequency within the gap at the X-point will couple to this higher-
order mode, and thus loss channels exist. The higher-order mode is illustrated in (f), where the
field patterns are plotted for bands 1 to 3. For bands 1 and 2, a nodal plane lies in the high or
low-refractive index region, whereas for band 3 also a horizontal nodal plane exists. Moreover,
for the cladded devices the fields decay equally into the cladding surrounding the structure due
to the same refractive index.
3.1.2 TM versus TE Polarization
The goal of the optimization of the design is to achieve a large band gap. For TE polarization
the E-field is located in the x, y-plane and the magnetic field in the z-direction (Ex, Ey, Hz).
The advantage of TE polarization is that the band gap is larger than for TM polarization, since
the E-field for TE polarization experiences the larger index contrast than the TM polarization.
In figure 3.4 the filled dots (red) illustrate the band gap at the X-point of the linear grating
centered around λ = 1550 nm as a function of the height h is plotted for a cladded device
for TE polarization. The unfilled dots (black) show all configurations which have an effective
band gap. Increasing the thickness of the layer increases the possibility that modes from the
upper band can enter the band gap which makes it possible that light couples to these modes.
Therefore the effective band gap becomes smaller. In order to calculate the effective band gap
we have to consider that the upper edge of the band gap can be reduced by the higher order
modes and we have to use the frequency where the higher order mode passes the light line at
the new upper edge of the band gap. For a Si thickness of 340 nm the maximum relative band
gap width is ∆λ
λ
= 36%. For thinner h even larger band gaps can be achieved: up to ∆λ
λ
= 42%
for h = 279 nm with D = 0.65 and a = 405 nm. The linear grating which maximizes the band
gap for a Si thickness of 340 nm has a duty cycle D = 0.74 and a lattice constant a = 420 nm.
The open circles indicate that there are many configurations which have no complete band gap
and therefore are not suitable for the desired switching device.
In figure 3.4(b) the band gap as well as the lattice constant depending on the duty cycle D
for a device with a Si thickness h = 340 nm are plotted. From the band structure in figure 3.4(c)
for the maximum gap at the X-point for h = 340 nm we see that higher order modes are
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Figure 3.4: (a) Band gap of the linear grating for TE polarization for a non-cladded device
centered around λ = 1550 nm as a function of the Si thickness h. Each of the circles represents
one configuration with a certain duty cycle D = q/a., lattice constant a and height h. The
black dotes in special only represent and mark the configuration with a complete band gap. (b)
The band gap and the lattice constant a centered around λ = 1550 nm as a function of the duty
cycle D for a Si thickness h = 340 nm. (c) shows the band structure of the configuration with
maximum band gap for h = 340 nm and (d) the corresponding EZ -field patterns of band 1 and
band 3 at the X-point. (e) shows the band structure of the global maximum with its Ez-field
patterns at the X-point of band 1 and band 2 in (f).
crossing the light line within the band gap at lower frequencies than the lower band edge. Thus,
no effective band gap exists. In (d) the field patterns of the Ez-field are plotted. As expected
for band 1 the E-field is concentrated within the Si whereas for band 2 the nodal planes goes
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through the Si. For band 3, a horizontal modal plane is visible because it has a higher order
mode. For the global maximum the band structure and the corresponding field patterns are
plotted in (e) and (f). Again we observe the opening of the band gap due to the index contrast.
In this case a band gap is visible although it is smaller than the band gap given at the X-point
because a higher-order mode enters the band gap. Comparing TE and TM polarization, we see
that for TE polarization globally a higher relative band gap at the X-point width is achievable.
From simulation results of the configurations and especially when looking at the band structure
and field patterns we see that for TE polarization the devices show higher order modes even for
smaller thicknesses, which can lead to problems in the device performance.
3.2 Optical and Simulation Characterization
In the following, one particular design of a waveguide-coupled CGR will be discussed in more
detail. The design of choice is near the maximum band gap for h = 340 nm. It is an uncladded
device, as the cross section illustrated in figure 3.1, for TM polarization with a duty cycle
D = 0.3, a grating period a = 400 nm and a band gap ∆λ
λ
= 7%. The fabricated and also
optically characterized devices have defect radii between 850 and 900 nm. Scanning electron
microscopy (SEM) images of the devices are shown in figure 3.5. Figure 3.5(a) shows the entire
structure with in- and out-coupling waveguides. To illustrate the precision of the fabrication
process, the width of the Si ring in figure 3.5(b) is measured to be 282 nm, which matches the
target width of 280 nm within the resolution of the SEM very well. The overall diameter of the
device is between 10 to 20µm, depending on the central defect size and the number of total
rings, Ztot.
First, the linear optical properties of the devices are investigated by means of transmission
spectroscopy. To identify the resonances measured 3D FDTD simulations of the isolated CGRs
are performed. Then the spatial distribution and the parasitic losses of one resonant optical
mode are probed with scanning near-field optical microscopy (SNOM). All-optical modulation
is demonstrated by ultra-fast pump and probe measurements. To further improve the perfor-
mance of the device, we investigate the influence of the cladding as well as the difference
between TE and TM polarization by means of linear optical transmission measurements. Fi-
nally, this section is concluded with a brief summary and discussion of the next steps to improve
device performance.
Parts of this section have been published in [94].
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Figure 3.5: Scanning electron microscopy (SEM) images of the CGR structures investigated.
The grating grooves appear as dark lines. (a) Overview of the CGR with in- and out-coupling
waveguides. (b) and (c) close-ups of the circular grating.
3.2.1 Linear Optical Characterization
The CGRs are characterized as passive devices by measuring their transmission spectra. The
measurement setup as well as the measuring process are explained in details in chapter 2 sec-
tion 2.2.1. Figure 3.6 shows the measured transmission spectra of the CGRs with central defect
radii rc = 830, 850 and 870 nm. The spectra for all three devices show several sharp resonances
with Q-factors of a few thousands, but also a number of spectrally broader or asymmetric fea-
tures in the background are present. The transmission through the CGRs, which is normalized
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Figure 3.6: Measured transmission spectra of CGRs with central defect radii rc =
830, 850 and 870 nm. The arrow indicates the resonance (λ = 1562 nm) which is further in-
vestigated by SNOM and pump and probe measurements.
with the transmission through a straight waveguide, is in the range of 10 to 20%. For the device
with rc = 850 nm the resonance at λ = 1580 nm shows the highest transmission of about 22%.
The on-off contrast ratio is 10− 20 dB, which is determined by the height of the corresponding
peaks compared to the transmission background. Moreover in figure 3.6 a clear dependence of
the spectra on the defect size is observed. For resonances in the range of 1520 < λ < 1590 nm
an increase in the defect radius results in a shift of certain resonances to longer wavelength,
while outside this wavelength range no clear dependence is observed. This is due to the fact
that this dependence occurs only inside the band gap of the device, which is calculated to be
between 1490 nm < λ < 1603 nm, whereas outside the band gap the device should not be
sensitive. Therefore near the band edges the dependence on the size of the defect vanishes.
For comparison full 3D FDTD simulations with the 2048-CPU BlueGene supercomputer
were performed. A resolution of 40 grid points per unit cell was used. In the simulation the
geometry is taken from SEM inspections of the measured device. From the simulation results
in figure 3.7 we see as in the measurements various resonances and a clear shift of certain
resonances to longer wavelength when increasing the defect radius. However, neither the posi-
tion nor the peak height reflects quantitatively the measurement results. This deviation comes
from the used simulation resolution and uncertainties when measuring the device. Hence, even
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higher resolution would be needed to simulate such curved structures because they are nu-
merically very sensitive. Unfortunately, with the available CPU resources this is not possible.
Furthermore, effective-index approaches with mapping to a 2D device are not able to model the
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Figure 3.7: Full 3D FDTD simulation of the measured CGRs with central defect radii rc =
830, 850and870 nm with the parameters measured with the SEM.
essential device properties correctly because out-of-plane scattering is not taken into account.
Yet for the resonances which are located within the inner Bragg rings the comparison to the
isolated CGR seems reasonable because the waveguides do not alter the resonance mode sig-
nificantly. To identify the measured resonances in figure 3.6 we calculate the dependence of
the resonance wavelengths on the defect radius using 3D FDTD calculations on the isolated
CGRs for various azimuthal orders m exploiting the cylindrical symmetry. Since the azimthal
dependency is included analytically in the from of a phase factor eimπ , the numerical calculation
can be 2D. In figure 3.8 the resonance wavelength as a function of the defect radius is plotted
for five measured resonances (black connected circles) presented in figure 3.6. Increasing the
defect radius results in a linear increase of the wavelength, this demonstrates very accurate fab-
rication. The Q-factors of the calculated modes shown in figure 3.8 are between 400 and 12000.
Increasing m leads to a decrease of the linear slope when the resonance wavelength is plotted as
a function of the defect size. Comparing the experimental data points with the simulations we
find that the resonances with m = 15, m = 16 and m = 19 match best. For these resonances
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Figure 3.8: The resonance wavelength as a function of the defect radius for the experimentally
determined resonances as well as for isolated CGR calculated for different azimuthal orders m.
Experimental data is indicated by black circles and lines, the calculations are shown as colored
lines. Resonances with lower m feature a larger slope, e.g. the two very steep lines belong
to resonances with m = 4 and m = 6. In order to avoid confusion only the resonances from
the simulation which are near the experimental ones are labeled by their respective m. The
calculated electric field distributions at the resonance wavelength of the modes m = 15, 16 and
19 with rc = 870 nm are displayed above the graph.
the optical field is mainly localized in the third and fourth ring around the defect, as illustrated
at the top of figure 3.8, corresponding to the high azimuthal order. For the resonances near
1550 nm and 1580 nm, m = 12 and m = 22 are the nearest simulated resonances, respectively.
However, the agreement is not perfect, most probably because the influence of the waveguides
is not taken into account in the simulations of the isolated CGR. Notably the resonance with
m = 22 extends spatially into the outer Bragg rings where the waveguides penetrate the CGR.
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An important point that can be derived from the simulations is that a fabrication inaccuracy of
a few nanometers would shift the resonances only slightly, which strengthens the confidence in
the correct identification of the modes.
As can be seen from the transmission spectra of the CGRs, a large number of resonances exist.
Therefore it is important to investigate in more detail the device and its resonances. In what
follows we focus on the device with a defect radius of 870 nm showing a resonance at the wave-
length of 1562 nm. Simulations of the isolated CGR of this configuration yield a Q-factor of
3000. Adding the in- and out-coupling waveguides reduce the Q-factor, which is in agreement
with the measured Q-factor of about 1820. We find additional modes in the simulation with
m = 5 to 8 near this wavelength with Q < 400 which are not shown in figure 3.8. They are
localized in the central defect but due to large vertical and radial losses they are not expected to
be observed as a sharp resonance in the transmission experiment. Hence, such modes constitute
the “background” around the transmission peak in figure 3.6 and are responsible for the broader
features in the spectrum.
3.2.2 Modal Intensity Distribution Studies with Scanning Near-Field
Optical Microscopy
As discussed in the previous section 3.2.1 a large number of resonances exist in the measured
transmission spectra. For the applicability of CGRs as ultra-fast modulators it is necessary to
work with a certain subclass of resonances in which the mode is almost exclusively located in
the central defect. It is very important to get a closer look on the device with respect of the
modal field distribution of the resonances to see whether a certain resonance has its field local-
ized within the central part of the cavity or not. Therefore, SNOM measurements are performed
in collaboration with S. Götzinger at ETH Zürich. They allow to probe the details in the optical
intensity distribution inside the CGRs at a resolution that can not be obtained by conventional
far-field microscopy. A detailed overview of SNOM is given in chapter 2 section 2.2.2. With
SNOM, modes are detected either by their evanescent field or by scattered light which is col-
lected through the fiber probe in an amplified way. The resonance at λ = 1562 nm of the CGR
with rc = 870 nm, as marked with an arrow in figure 3.8 is investigated. Continuous-wave laser
light at the resonance wavelength is coupled into the device. In order to compensate for possible
resonance shifts due to the vicinity of the SNOM probe we continuously sweep the wavelength
between ∆λ = −0.5 nm and ∆λ = +0.5 nm around λ = 1562 nm during the measurement
and record only the time-averaged signal. Figure 3.9 shows a SNOM image, onto which a
schematic design of the CGR has been overlaid. The light enters from the bottom. The mea-
surement shows that light is confined in the central defect region. This is consistent with a mode
of small azimuthal order as seen from simulations. However, the observed intensity distribution
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Figure 3.9: Intensity distribution of the resonance at λ = 1562 nm indicated in figure 3.6
measured with the SNOM. The layout of the CGR is schematically illustrated.
extends beyond the central defect into the innermost Bragg rings (ring one to ring four). This
might be an indication that both the high-Q mode with m = 15, 16 and 19 and low-Q modes
with lower azimuthal order are excited at the same time. This would be consistent with the
measured transmission spectrum with a sharp peak and a broad “background”. The simulations
showed that the modes m = 15, 16 and 19 are located in ring three and four but expanding into
the neighboring rings. This is consistent with the measured distribution with SNOM. While the
high-Q modes with m = 15, 16 and 19 is detected only weakly by their evanescent field, the
modes with lower azimuthal order are detected by the fiber probe in an amplified way due to
the large vertical losses from the central defect which causes the low Q. Moreover, scattering
is observed at the junction between the in-coupling waveguides and the CGR as well as at the
out-coupling waveguide. The light at the outer circular edge originates from radial leakage from
the resonator.
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3.2.3 All-optical Switching with Pump and Probe
In the following, the applicability of this new type of resonant device as fast optical modulator
is evaluated. Optical or electrical injection of charge carriers into the resonator induces shifts of
the resonance wavelengths due to the plasma dispersion effect, see chapter 1, section 1.3. For
an analysis of the spectral and temporal switching characteristics of CGRs, the resonance of a
device with a defect radius of 870 nm, showing a resonance at λ = 1562 nm, is investigated
in a femtosecond pump-probe setup [16, 17] in collaboration with M. Waldow at the RWTH
Aachen.
The temporal evolution of the transmission spectrum is shown in figure 3.10a. The energy
per incident laser pulse is 0.21 nJ, and the spot diameter on the sample is 28µm. Photo excita-
tion of charge carriers in the silicon CGR structures results in a clear blue shift of the resonance
from its initial value of λ0 = 1563.6 nm due to the plasma dispersion effect [9]. Here we have
defined ∆t = 0 as the point of maximum wavelength shift, and the time delay is varied in steps
of 6 ps. At positive time delays, the resonance shifts gradually back towards its equilibrium
on a time scale that is determined by the free carrier lifetime inside the silicon structures and is
obviously longer than the measured time window. Thermo-optic effect due to the absorbed light
would lead to a red-shift and can therefore be excluded, apart from a small static offset. For
quantitative analysis, figure 3.10(b) depicts the time-dependent center wavelength of the CGR
resonance extracted from the data in figure 3.10(a). The maximum wavelength shift at zero
time delay is ∆λ = −0.41 nm, corresponding to a relative wavelength shift ∆λ
λ0
= −2.6× 10−4.
The time evolution of the wavelength shift is a direct measure of the transient charge carrier
density in the CGR device. Applying an exponential fit to the wavelength shift recovery after
optical excitation results in an exponential decay constant, i.e., a free carrier lifetime, of 500 ps.
This value is comparable to typical lifetimes of charge carriers in SOI micro-ring resonators
and represents a fundamental limit for data rates in all-optical switching applications [14]. For
high-speed applications, however, this lifetime could be further reduced by, e.g., ion implanting
[16, 16, 95, 96] or electrically biasing the central defect of the CGR [13, 49].
As the excitation spot covers the entire device including the circular Bragg mirrors, the
observed resonance shift must be a result of refractive index modulations in both the central
defect and the ring structure. Hence, in a first approximation, we can assume that the wavelength
shift of the CGR resonance is given by ∆λ
λ0
= σ∆n
n0
, with n0 = nSi = 3.48 the unperturbed
silicon refractive index. By calculating the excited electron-hole densityNeh in the CGR device,
taking into account the laser spot size and the silicon absorption coefficient at λ = 800 nm,
αSi = 1500 cm
−1
, it is possible to estimate the maximum refractive index change ∆n at zero
time delay. We obtain an excitation density Neh = 2.1 × 1017 cm−3, which corresponds to
∆n = −8.0× 10−4 or ∆n/n0 = −2.3× 10−4 according to the well-known Soref equation [9].
63
3. WAVEGUIDE-COUPLED CIRCULAR GRATING
RESONATORS AS OPTICAL MODULATORS
0 100 200 300
1562
1563
1564
0
1
-0.4
-0.3
-0.2
-0.1
0.0
W
a
v
e
le
n
g
th
 λ
 (
n
m
)
Time Delay (ps)
0 100 200 300
Time Delay (ps)
W
a
v
e
le
n
g
th
 S
h
if
t 
(n
m
)
a
b
Figure 3.10: (a) Time-resolved transmission spectrum of the CGR (rc = 870 nm) after optical
excitation with 0.21 nJ femtosecond pulses. The normalized intensity scale is colored in linear
units. (b) Extracted shift ∆λ of the center wavelength as function of time delay.
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This value is in good agreement with the measured resonance shift ∆λ
λ0
= −2.6×10−4. However,
we have not taken into account confinement effects of the optical mode in the silicon structures,
and thus this agreement can only been understood as a rough comparison. Furthermore, one
has to consider that slight variations in the laser spot size result in strong modifications of the
excitation density.
We further evaluate the dependence of excitation intensity on the CGR resonance wave-
length shift. Figure 3.11(a) shows the time-dependent wavelength shift of the CGR investigated
for different switching pulse energies between 0.11 and 0.53 nJ. In each measurement, the res-
onance wavelength is blue-shifted upon optical excitation and a rise time down to 10 ps. The
photon lifetime within the cavity is given by τph = Qλneff2πc ≈ 6 ps. Hence, the switching speed is
not limited by the cavity lifetime and only the intrinsic free carrier lifetime has to be taken into
account. The resonance wavelength shift ∆λ(∆t = 0) depicted in figure 3.11(b) increases with
increasing pulse energies from −0.20 to −0.88 nm. Applying a linear fit to these data results
in a slope δ(∆λ)/δE = −1.71 nm/nJ that describes a linear relation between the wavelength
shift and the laser pulse energy E at 800 nm wavelength. Thus, about 250 pJ are required to
switch the resonance wavelength by one half width at half maximum of the resonance peak
which would result in a 3 dB modualtion depth.
65
3. WAVEGUIDE-COUPLED CIRCULAR GRATING
RESONATORS AS OPTICAL MODULATORS
-40 -20
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.11 nJ
0.21 nJ
0.32 nJ
0.43 nJ
0.53 nJW
a
v
e
le
n
g
th
 S
h
if
t 
(n
m
)
Time Delay (ps)
20 40 600
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
W
a
v
e
le
n
g
th
 S
h
if
t 
(n
m
)
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Pulse Energy (nJ)
a
b
Figure 3.11: (a) Time-resolved wavelength shift of the CGR (rc = 870 nm) after optical exci-
tation with pulse energies between 0.11 and 0.53 nJ. (b) Extracted maximum wavelength shift
∆λ(∆t = 0) as function of pulse energy. The dashed line is a linear fit to the data.
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3.2.4 Influence of the Cladding
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Figure 3.12: Measurements results of cladded device for TM polarization
As seen in section 3.1.1 cladding the device with an oxide or an other material with a similar
refractive index brings the advantage of a symmetric structure. Here, we will focus on the
design which maximizes the band gap at the X-point for h = 340 nm for TM polarization,
i . e . , D = 0.64 and a = 467 nm. In figure 3.13 the measured transmission spectra of devices
for three different defect radii rc = 720, 750 and 780 nm are plotted. The number of concentric
Si rings forming the Bragg mirror is for all three devices Zin = 6 and the outer number of rings
is Zout = 10. As for the non-cladded device we observe several sharp resonances which show
a clear dependence on the defect size. Increasing rc shifts the resonances within the band gap
to larger wavelengths. The maximum transmission is up to 70% for rc = 750 nm. The increase
in the transmission in comparison to the design discussed in the previous section is due to a
smaller band gap due to a smaller index-contrast. Moreover, a cladded device is more protected
and therefore less exposed to damage and scattering losses at the surface. The Q-factors are in
the range of a few thousands but again a broad background with low-Q resonances is observed.
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3.2.5 Differences between TM and TE Polarization
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Figure 3.13: Measurement results of cladded devices for TE polarization.
Now, a cladded device for TE polarization is investigated further. Devices for TE polariza-
tion with D = 0.74, a = 420 nm and h = 340 nm were fabricated. At the time, simulations
focusing on maximizing the band gap at the X-point are performed. It was noticed only after-
wards that there are higher-vertical-order vertical modes that penetrate the band gap and make it
effectively smaller. But when investigating the band gap only at the X-point this is not seen. In
figure 3.13 an example of a measured transmission spectrum is shown. No sharp resonances are
observed. There is only a very broad background. The fringes are due to the Fabry-Pérot effects
between the two cleaved waveguide facets. The absence of resonances probably a consequent
of an absence of a complete band gap for all wavevectors in the fabricated device. The light
couples to higher-vertical-order modes, and therefore only a broad background is seen with no
dependency on the central defect radius.
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3.3 Trenches for Suppressing Higher-Order Modes
The transmission spectra of waveguide-coupled CGRs, which have been measured and sim-
ulated, show numerous resonance peaks. The quality factors of the modes in the outer rings
are in the range of a few thousands, whereas low-Q modes are located in the central part, as
has been seen from the SNOM measurements and the mode identification performed with 3D
FDTD simulations. To suppress unwanted resonances located in the outer rings, trenches are
added. The effect of the trenches on the device performance was studied by means of FDTD
c
a b
Figure 3.14: FDTD simulation of a waveguide-coupled CGR with trenches at symmetry planes
of the modes in the central defect: (a) with two narrow trenches with a dipole mode in the central
defect, (b) with four narrow trenches and hence a quadrupol-like mode in the defect and (c) with
two big trenches.
simulations. In figure 3.14 the E-fields of point sources positioned in the waveguide for differ-
ent arrangements of trenches to suppress unwanted modes are illustrated. With such trenches
it is possible to suppress unwanted resonances and excite a symmetric mode within the central
defect. Also only very narrow trenches are sufficient to achieve this (see figure 3.14(a) and (b).
Figure 3.14 shows two SEM images of CGRs fabricated with trenches. In the upper picture, a
triangularly shaped trench on either side of the CGR is cut. In the lower picture these trenches
are used to position electrical contacts, such that CGRs can be used as an electro-optical device.
The devices shown in figure 3.15 have been fabricated with a layout not optimized for contact
leads, thus they have not been measured. The purpose is only to show a potential configuration
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for improving the CGRs.
a b
Figure 3.15: (a) SEM image of a possible CGR layout with trenches to suspend unwanted
resonances in the outer rings. (b) The trenches can additionally be used for electrical contact
leads to use the device as an electro-optical modulator.
3.4 Chirped Circular Grating Resonator
A pivotal figure of merit for the modulator and future applications is the ratio Q/V . Thus
the goal is to achieve high-Q and small modal volume cavities. To reduce vertical losses and
improve the Q-factor of the CGR, the geometry of the CGR has to be modified. There are
several design concepts reported in the literature to improve the Q-factor by reducing vertical
losses of the cavity. For example, k-space engineering by using the Fourier space, where the
vertical losses are reduced by eliminating k components within the light cone as reported in
reference [97, 98] to for further improvements of Q as reported in [98]. In photonic crystal
cavities, a chirp is introduced into the cavity near the central part. This chirp relaxes the spatial
mode confinement slightly, and thus it is possible to achieve even higher Q-values.
In the following we will discuss theoretical studies of chirped CGRs. Unfortunately it was
not possible during the time of the project to get chirped CGRs fabricated and measured suc-
cessfully.
3.4.1 Optimization of Chirped Circular Grating Resonators for High
Q-Factor and Low Vertical Losses
In figure 3.16 the top view of a isolated chirped CGR and its parameters are illustrated. The
optimization of the Q-factor is performed on isolated chirped CGR since by adding the in- and
Parts of this section are published in [94].
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Figure 3.16: (a) Schematic overview of a CGR with chirp consisting of a central defect with a
defect radius rc surrounded by concentric rings 1 to 7. (b) Cross section of the chirped CGR.
out-coupling waveguides the total Qtot can be reduced such that it is only in the range of a
few thousands and therefore not limiting the switching speed. If the Qiso is optimized, Qtot
is determined by the coupling to the waveguide. Without restricting the general applicability
for other polarizations, we focus on TE polarization because of the larger achievable band gap.
The grating period is reduced towards the central defect and the concentric rings are shifted by
∆N with N being the number of the ring. The width of the trenches qN increases for trenches
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further away from the defect and the shift ∆N is reduced from ring to ring by the factor Γ:
qN = Da−∆N and ∆N+1 = ∆NΓ (3.1)
In the limit of large N the trench width qN approaches the trench width without a chirp. We
introduced two additional parameters to describe the chirped CGRs: the shift of the first ring
∆1 and the decay constant Γ. We now vary all five parameters (D, a, h, ∆1, Γ) to maximize the
quality factor. For three different azimuthal orders m = 0, m = 1, and m = 3 the results are
shown in table 3.1
m rc D h(a) ∆1(a) Γ ν(c/a) Q
0 1.60 0.34 0.80 −0.29 0.88 0.221 66200000
1 1.53 0.34 0.80 −0.29 0.80 0.204 5570000
3 1.10 0.34 0.80 −0.29 0.80 0.230 2180000
Table 3.1: For three different azimuthal orders m, the geometric parameters of the chirped
CGRs are shown for which a maximum quality factor Q is achieved.
For m = 0, we obtain a maximum quality factor of approximately 6.6 × 107. Increasing the
azimuthal order lowers the maximum quality factor to 5.6 × 106 for m = 1 and to 2.2 × 106
for m = 3. It turns out that the optimum of all three azimuthal orders occurs for the same duty
cycle of D = 0.34, same height of h = 0.80a, and same shift of the first ring of ∆1 = −0.29a.
Only for the azimuthal order m = 0 is the decay constant larger (Γ = 0.88) compared with the
other two configurations. All three resonance frequencies are located well within the band gap
of the periodic grating (N → ∞) which extends from 0.182c/a to 0.239c/a. This corresponds
to a band gap of ∆ν
ν
= 27%. In figure 3.17 we plot the quality factor Q, the resonance frequency
ν, and the modal volume V (defined in chapter 1 section 1.2) as a function of the shift of the
first ring ∆1 for m = 0. Without chirp (∆1 = 0) the CGR only exhibits a quality factor of 780.
With negative shift of the first ring ∆1 (increasing chirp) the quality factor, the frequency, and
the modal volume increase. While the quality factor increases from 780 to 6.6 × 107 by five
orders of magnitude the modal volume increases to 6.2a3 [21.8(λ/2n)3] only by a factor of 1.4,
compared to the configuration without chirp.
The mechanism of the chirp can be understood by plotting the effective band gap as function
of the ring number N as shown in figure 3.18. This is analogous to the local bands which are
used to describe multi-hetero-structure 2D photonic-crystal resonators [99]. For chirped CGR,
the local band edges are modified by the smaller effective lattice constant and the larger effective
duty cycle towards the central defect. The band gap is therefore decreased towards the central
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Figure 3.17: (a) The quality factor Q, (b) the resonance frequency ν, and (c) the modal volume
V as a function of the shift of the first ring ∆1 for a chirped CGR and a azimuthal order m = 0.
The fixed geometric parameters are the defect radius rc = 1.60a, the duty cycle D = 0.34, the
height h = 0.80a, and the decay constant Γ = 0.88.
defect. In the central part of the CGR (N < 2) no band gap is present. Starting from the
resonance frequency, a band gap gradually opens up for N > 2 and increases towards the outer
rings of the CGR. Therefore the resonant mode can adapt adiabatically from a very delocalized
high quality factor band-edge-like mode in the center of the CGR to the large band-gap region in
the outer parts of the CGR. This allows very high quality factor while only little compromise is
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Figure 3.18: Effective local band edges for the optimum chirped configuration from figure 3.17
(azimuthal order m = 0, defect radius rc = 1.60a, duty cycle D = 0.34, height h = 0.80a,
the shift of the first ring ∆1 = −0.29, decay constant Γ = 0.88). The lower (squares) and
upper (circles) band edges are shown as a function of the number of the ring N . The solid lines
are single-exponential fits to the respective numerically calculated bands which show slight
numerical noise from aliasing effects due to the finite grid resolution of the calculation. The
resonance frequency (dotted line) of this CGR is ν = 0.221c/a and the lower and upper band
edges (dashed line) of the corresponding infinite periodic linear grating.
made on the strong confinement. In contrast, CGRs with periodic gratings achieve their highest
quality factor by approaching the resonance frequency to the band edge through tuning the size
of the central defect. In order to further explore the nature of the extraordinarily high quality
factor of the chirped CGR we investigate the resonant field distributions. In figure 3.19 we plot
the cross section of the electric field component Eφ for three different shifts of the first ring
∆1. The color scales are used in such a way that even smaller electric field values further away
from the center defect are visible and they are almost everywhere supersaturated. The near-field
patterns in the plane of the resonator are visually indistinguishable in the three cases. However,
the far-field patterns are drastically different. An indication of nodal planes appear precisely at
the maximum quality factor configuration (∆1 = −0.29a), indicating the cancellation of the
lowest-order multi-pole moment (i. e. dipole) [71]. The two other configurations show dipole-
like radial far-field patterns which are a signature of large, vertical radiating losses and therefore
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low quality factors. This mechanism offers an additional explanation for the high quality factors.
Finally, in order to assess the optimum of the chirp relation (equation 3.1) the starting point of
a
b
c
∆1 = -0.26a
∆1 = -0.32a
∆1 = -0.29a
Figure 3.19: Cross section of the electric field component Eφ at resonance for three different
chirped CGRs where the shift of the first ring ∆1 is varied: (a) ∆1 = −0.26a which has
Q = 0.36 × 106, (b) ∆1 = −0.29a which has Q = 66.2 × 106, and (c ) ∆1 = −0.32a which
has Q = 1.27 × 106. The other geometric parameters are those of the optimum configuration
(azimuthal order m = 0, defect radius rc = 1.60a, duty cycle D = 0.34).
the further numerical optimization was set to the configuration given by the analytical solution.
The positions of all Si/SiO2 interfaces are varied fully independently. However, it is found that
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the assumed analytic chirp relation for this configuration seems to yield the maximum quality
factor. For other configurations thanm = 0 small shifts in the positions of the Si/SiO2 interfaces
lead to slightly larger quality factors. However, these shifts are on the order of the calculation
grid resolution and therefore are at the limits of numerical significance.
3.5 Summary and Conclusion
Studies on CGRs with simulations as well as various measurements on cladded and non-cladded
devices for both TM and TE polarization are performed. First, non-cladded CGRs for TM
polarization are investigated. Transmission measurements show that the CGRs investigated
have a quality factor of a few thousand with a peak-to-background contrast ratio of 10 to 20 dB
and a transmission of about 10 to 20%. Increasing the central defect size of the CGR shifts
the resonances to longer wavelengths, as expected. From 3D FDTD simulations of the isolated
CGR, the resonances measured could be identified. With SNOM a high-resolution optical image
of the evanescent field distribution as well as the vertical losses of the resonances are obtained.
The SNOM measurement shows that light is located in the central defect. Comparing with the
results of the 3D FDTD simulations of the isolated CGR we saw that these are lower azimuthal
order low-Q factor modes and the modes located in the outer rings are higher order modes.
Scattering at the waveguide end is due to mode mismatch, which is found to be a major source
of transmission loss and light at the outer most rings originates from radial leakage of the
cavity. The CGRs as optical modulators have been demonstrated by performing pump and
probe measurements. When pumping the cavity with an optical beam free chare carriers are
injected leading to a refractive index change due to the plasma dispersion effect. The refractive
index change leads to a shift of the resonance frequency. A shift of the resonant wavelength
within about 10 ps after optical pumping is observed, whereas the relaxation time back towards
its equilibrium is a few hundred of picoseconds because of the large carrier lifetime in silicon.
To obtain a 3 dB modulation depth about 250 pJ are required.
Next, the transmission of the device is improved by cladding it with an polymer. This
results in an increase of the total transmission by up to 70% because the device fabricated has a
smaller band gap due to a smaller index contrast. Although a larger band gap is expected for TE
polarization than for TM polarization, we were not able to improve the device by optimizing the
cladded device for TE polarization for a Si height of 340 nm. The linear optical transmission
measurements did not show any resonances because at the time when we fabricated the device
we did not examine the effective band gap of the structure. Therefore we did not realize that for
the fabricated structure there is no band gap for TE polarization because of higher-order modes.
As for the periodic gratings the Q-factor is limited by vertical losses, a chirp is introduced
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by reducing the grating period towards the central defect. This chirp induces a gradual opening
of the photonic band in the radial direction, which allows the mode to transform a delocalized
band-edge-like mode in the center to a mode within a wider band in the outer regions. The
field pattern radiated suggests that cancellation of the lowest-order multi-mode moment plays
an important role in achieving the high quality factor. These chirped CGRs exhibit greatly
improved Q-factors up to 6.6× 107 with only slightly increasing the modal volume by a factor
of 1.4. With additional trenches unwanted resonances within the outer rings can be suppressed.
Moreover, these trenches can be used to add electrical contacts for a potential electro-optical
modulator.
The results represent a first step towards a novel kind of waveguide-coupled ultra-small
footprint high-Q-factor micro-cavity.
The coupling from the waveguide to the cavity induces excitations of parasitic modes which
than dominate the transmission spectra. This problematic is illustrated in figure 3.20, where the
results of 3D FDTD simulations are shown. In figure 3.20(a) the point source is positioned in
the central defect exciting a dipole-like mode. When positioning the source in the waveguide for
the same structure although a slightly wider waveguide, which has no impact on the observed
results, the coupling from the waveguide leads to major problems. Although a dipole-like mode
is excited in the central defect parasitic modes in the rings dominate the field pattern. Therefore,
optimizations of the coupling and the efficiency need to be performed, demanding for full 3D
simulations. But major issues of the CGRs were the quantitative matching of the measurement
a b
Figure 3.20: 3D FDTD simulations of the waveguide-coupled CGR with (a) a point source
positioned in the central defect and (b) with the point source located in the waveguide.
results with the simulations. For the further improvement and optimization of the structure it
is of great importance to be able to simulate the complete structure. But FDTD simulations of
the complete structure on the 2048-CPU BlueGene supercomputer take about 12 hours, which
is far too long to make optimizations of the structure, where several hundreds of calculations
have to be performed. These problems lead to the motivation of studying an alternative micro-
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cavity which is possible to simulate with 3D FDTD and where the coupling to the cavity is
less problematic. Therefore in the following chapter this alternative design concept will be
introduced and the results will be presented.
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4 Waveguide-Embedded 1D Photonic
Crystal Micro-Cavities as Optical
Modulators
In the following an alternative design concept, namely 1D photonic crystal (PC) waveguide
cavities directly embedded into the waveguide, will be discussed. They offer enhanced cou-
pling efficiency and a large free spectral range. Moreover, the required simulation resources
are reduced since the dimensions of the calculation grid are given by the size of the waveguide.
The present work is built on similar types of cavities that have already been reported in litera-
ture [100, 101, 102]. The cavity consists of a number of equal holes forming the mirror on either
side of the central defect. They are directly etched into the waveguide. To adapt adiabatically
the mode within the photonic crystal mirror to the one of the central defect a taper is defined
from four holes with different sizes and distances. We implement two types of devices, without
contact leads and with contact leads for electro-optical modulation.
The chapter is structured in the following way: The chapter starts with a summary of the
devices reported in literature and a short overview of what has been done so far with similar
kind of cavities. Next, the design concept and the optimization of both structures, with and
without contact leads as well as optimization results achieved during this work will be presented.
The experiments on passive micro cavities and the results of active resonant devices will be
discussed. The chapter will be concluded with a summary of the achieved results.
4.1 State of the Art
In the past years several numerical as well as experimental studies on 1D photonic crystal cav-
ities directly integrated into a waveguide have been performed. Since in many applications
it is mandatory to have high Q and small modal volume much effort has been put into the
optimization of such structures with respect to their Q-factor and their modal volume at the
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same time. It has been numerically shown that a fine and sensitive tuning of the geometry
surrounding the defect of the cavity is important to increase the Q-factor. Different concepts
have been considered such as the cancellation of multipole far-field radiation [71], Bloch-wave
engineering for increasing the modal reflectivity [103, 98], engineering the mirror in order to
reduce the out-of-plane far-field radiation or recycling the mirror losses by radiation modes as
presented in reference [104]. Experimentally it has been demonstrated that such structures are
high-Q cavities with small modal volume [101, 102]. Their applicability as modulators was
shown in [66, 105]. In [12] modulation by optically pumping the device with a control pulse
energy of 0.1 pJ was achieved. In [66] an electro-optical modulator was demonstrated, which
was limited to 250MHz modulation speed. Table 4.1 gives an overview of recent studies on
waveguide-embedded 1D photonic crystal micro-cavities.
Year Author Substrate Q-factor Modal Volume Ref.
1997 Foresi et al. SOI (uncladded) 265 0.055µm3 [106]
1999 Lim et al. GaAs/AlxOy (air bridge) 230 0.056µm3 [100]
2000 Ripin et al. GaAs/AlxOy (air bridge) 230 0.046µm3 [107]
2006 Velha et al. SOI (uncladded) 8900 0.62 (λ
n
)3 [108]
2007 Velha et al. SOI 58000 0.6 (λ
n
)3 [101]
2007 Schmidt et al. SOI 780 - [66]
2008 Zain et al. SOI (uncladded) 18500 - [102]
2008 Belotti et al. SOI (uncladded) 106 - [105]
Table 4.1: Waveguide-embedded 1D photonic crystal cavities recently reported in the literature.
4.2 Concept and Design
The fundamental building block of the device is a 1D photonic crystal micro-cavity embedded
directly in a Si waveguide. Figure 4.1 illustrates the device as a possible layout for a modulator
with n+- and p+-doped contact leads. In the present work two types of structures are investi-
gated, a plain waveguide-embedded micro-cavity and a micro-cavity with contact leads. For
active structures the modulation can be achieved through carrier-injection via a p-i-n junction
or through optically pumping the cavity. For the active device with contact leads the intrinsic
region of the p-i-n junction is the waveguide itself and the n+- and p+-type regions are formed
by doping the adjacent silicon regions, which act as contact leads. The photonic crystal micro-
cavity and the p-i-n junction are built in the same silicon layer. The structures are fabricated
in SOI with a silica under-cladding realized by the 2µm-thick SiO2 BOX of the wafer and a
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n-doped 
p-doped
SiO
2
 (n = 1.46)
Si (n = 3.44)
Figure 4.1: Layout of the electro-optic modulator based on a 1D photonic crystal micro-cavity
with p+- and n+-doped electrical contact leads (highlighted with red and green color) using a
SOI platform. The PMMA cladding on top and the contact pads are not shown.
PMMA top-cladding with approximately the same refractive index as silica. Without restricting
the general applicability for other polarizations, we focus in this work on TE polarization since
the band gap is larger.
4.3 Cavity Structure without Contact Leads
Much effort was put into the optimization and characterization of the cavity structure without
contact leads. First, the optimization of the unloaded waveguide-embedded 1D photonic crystal
micro-cavity with respect to high Q-factors is presented. The optimization is done using full
3D FDTD simulation methods. Second, simulation studies on the influence of variations in
the geometric parameters are performed, since the tolerance on fabrication variations should be
known. And third, the measurement results will be discussed, i.e., linear optical transmission
measurements, linear optical temperature-dependent transmission measurements and pump and
probe measurements. The pump and probe measurements demonstrate the applicability of such
devices as all-optical modulators.
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4.3.1 Optimization of Unloaded Cavities for High Q-Factor
To optimize the structures we look at the unloaded micro-cavity and maximize its quality factor.
The unloaded micro-cavity has in principle an infinite number of holes forming the mirrors on
either side of the cavity. However, it turned out that it is sufficient to use 14 holes for the
optimization of the cavity because the Q factor saturates. In case of the central tapered region
not only the radius of each hole but also the distance between two adjacent holes is varied.
Figure 4.2 summarizes the geometric parameters which are optimized. We define the radius of
each hole in the tapered region as ri for i = 1, 2, 3, 4 and the distance between two adjacent
holes as ai for i = 1, 2, 3, 4. The radius of the N holes forming the mirror is r0 and the lattice
constant a0. Furthermore, we define the cavity defect length L and the waveguide width w. The
height of the waveguide is fixed to 220 nm due to the top-Si thickness of the used SOI wafer
for the fabrication. When performing the optimization two other constraints are taken into
consideration: First, the resonance wavelength of the micro-cavity should be around 1550 nm
or at least in the range of 1510 nm ≤ λ ≤ 1610 nm in order to be able to be measured with
the setup presented in chapter 2 section 2.2.1. Second, the diameter of the holes should not be
smaller than 80 nm, related to fabrication limits, specifically due to the etching process. It is
very hard to obtain well-defined holes with a good etch profile smaller than 80 nm. During the
optimization all parameters are varied in steps of a few nanometers one after another. Always
the configuration with the highest Q-factor is used as a next initial configuration. Because
of the large number of free parameters gradient-based optimization methods are inefficient.
Results of the optimization of the geometric parameters of the unloaded micro-cavity are listed
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Figure 4.2: Top-view of the unloaded photonic crystal micro-cavity without contact leads,
showing all the geometric parameters that are optimized.
in table 4.2. The optimized structure has a quality factor of Q = 74100 and a center wavelength
λ0 = 1533.5 nm for N = 14. Devices with these parameters were fabricated and measured.
The results will be discussed in the following sections.
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Param. r0 r1 r2 r3 r4 a0 a1 a2 a3 a4 L w h
in [nm] 109 86 84 74 59 351 372 320 321 321 562 534 220
Table 4.2: Optimized geometric parameters of the 1D PC micro-cavities. The resonance wave-
length for the unloaded cavity with N = 14 at λ = 1533.5 nm with a quality factor Q = 74100.
In figure 4.3 the cross-section of the electric-field distribution as a result of a 3D FDTD
simulation is illustrated. The mode is symmetric with respect to the cavity having a node in the
center. The field is strongly confined in the wavegudie due to the large refractive index contrast.
Figure 4.3: Cross-section of the micro-cavity with the simulated electric field of the resonance
mode.
Figure 4.4 shows SEM images of the fabricated micro-cavity with the geometric parameters
from table 4.2. In figure 4.4(a) an overview image of the structure is given. In figure 4.4(b)
a closer look at the device is shown. The measured lengths are in good agreement with the
targeted geometric parameters given in table 4.2. The 3D FDTD simulation results of the
transmission spectrum with N = 5 holes forming the mirrors is shown in figure 4.5. It exhibits
a strong resonant mode within the band gap. The transmission of only about 0.3 is due to low
frequency resolution of the simulation which limits the sharpness of the resonance peak.
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200 nm
109 nm
142 nm
166 nm
b
559 nm
324 nm
1 µm
a
Figure 4.4: SEM images of the waveguide-embedded 1D PC micro-cavity with the geometric
parameters from table 4.2. (a) Overview image of the structure. (a) Close-up of the measured
dimensions.
4.3.2 Assessment of Fabrication Variations
To get a deeper insight of the sensitivity of the cavity parameters such as variations in holes
size, cavity length or silicon thickness, full 3D FDTD simulations of the unloaded micro-cavity
with the geometric parameters of table 4.2 are performed. The influence on the resonance
wavelength as well as the quality factor were studied. In figure 4.6 the Q-factor as well as the
resonance wavelength are plotted as a function of the number of holes N forming the mirror.
With increasing N the quality factor Q increases until it saturates for N ≥ 14 at Q ≈ 76000.
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Figure 4.5: 3D FDTD simulation of the transmission spectrum of the waveguide-embedded 1D
PC micro-cavity.
At this point adding more holes does not reduce the total losses and the vertical losses dominate
over the losses through the mirror. Furthermore, we see that increasing N leads to a decrease of
the resonance wavelength until it stays constant for N ≥ 14. The decrease of λ for increasing
N is because the effective refractive index neff of the structure becomes smaller by adding
more holes. Since variations in hole size are nearly inevitable due to the fabrication process
its is important to know the tolerance in which a device is still working. With the experience
of processing certain wafers the expected deviation can be included as pre-bias in the device
design. In figure 4.7 the quality factor Q as a function of the variation ∆r is plotted. ∆r = 0 nm
corresponds to the optimized hole size from table 4.2, whereas ∆r = −10 nm corresponds to
a device where all radii of the holes from the mirrors as well as the tapers are 10 nm smaller
than the size given in table 4.2. The maximum Q is reached for a device with ∆r = −20 nm
of Q = 2.4 × 105. But due to technological restrictions it is not possible to fabricate reliably
devices with hole diameters smaller than 80 nm. In figure 4.7 the resonance wavelength as a
function of the variation ∆r is plotted. Increasing the hole size shifts the resonance to shorter
wavelength because the effective refractive index is decreased.
The influence of the cavity lengthL on the quality factor Q and on the resonance wavelength
λ is studied in figure 4.8. Because the taper in the cavity is not adjusted to the new mode it is not
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Figure 4.6: The quality factor Q as a function the number of holes N for the configuration with
geometric parameters from table 4.2 is shown in filled red circles, whereas the dependence of
the resonance wavelength λ is shown in open red circles.
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Figure 4.7: Influence of fabrication variations in the hole radii ∆r. The influence on the quality
factor Q is shown with red filled circles and the dependence of the resonance wavelength λ with
black open circles.
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Figure 4.8: Influence of the cavity length L on the Q-factor (red filled circles) as well as on the
resonance wavelength λ (black open circles).
optimized for all cavity lengths L and therefore the dependence of Q on L is not proportional to
L−1 as expected for a Fabry-Pérot-like cavity. Still, increasing L shifts the resonance to longer
wavelengths λ.
For the fabricated devices it is also of great interest to know the influence of the top silicon
thickness on the device performance because it can vary significantly from the specified value.
Therefore, simulations, where the size and distances were kept constant and only the Si thick-
ness was varied, were performed. Increasing h shifts the resonance wavelength. For a variation
of |∆h| ≥ 45 nm the cavity is not working anymore because either the resonance wavelength
shifts out of the measurable range or even no resonance can be found anymore. However, the
typical variation encountered is well below that value.
A further critical point in the process flow is the etching process. Therefore the device was
inspected with various methods to see if the holes are etched through entirely. Especially for
small holes this can be a problem. The device was characterized with the help of an AFM
(atomic force microscope), see figure 4.9. When scanning the device with an AFM tip the
detected profile strongly depends on the shape of the tip, thus with the available tips we were
not able to enter completely into the smallest holes. Hence, it can only be speculated from the
profile in figure 4.9(a) as well as from the picture in 4.9(b) if all holes are etched through or
not. In figure 4.10(a) a FIB (Focused Ion Beam) section with subsequent SEM of the cross
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Figure 4.9: Inspection of the device with AFM: λ (a) shows the scanning profile of the tip,
when scanning along the red line in (b). Color scale reflects the topography.
section of the central part of the device is shown. It can be seen that all holes are etched but
especially the small holes are not completeky etched through and have a conical profile. To
theoretically assess the influence on the performance simulations were performed. We assumed
that the holes forming the mirror are etched through, thus their height is h. For the ones forming
the chirp the height is given by hi = h − ∆h × 0.5i−1, for i = 1,2,3 where h1 corresponds to
the height of the smallest hole and h4 = h the height of the largest holes is etched through. In
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Figure 4.10: (a) SEM picture of the waveguide-embedded 1D PC micro-cavity after cutting
through the middle with FIB. (b) Simulation results if only the holes of the mirror are etched
through but the holes forming the taper are etched through only partially, where ∆h is the
height of the un-etched part. With black open circle the dependence of the quality factor on ∆h
is shown and with red filled circles the dependence of the resonance wavelength λ.
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figure 4.10(b) the wavelength as well as the quality factor are plotted as a function of ∆h. The
quality factor decreases for increasing un-etched length. The resonance on the other hand shifts
to longer wavelengths. This is due to the increase of the effective refractive index of the device
when a larger part of the Si in the holes remains.
The studies on the variations of the geometric parameters in hole size, cavity length, Si
thickness and influence of the etching profile show the sensitivity of the structure. Since from a
processing point of view variations especially in holes size are not possible to avoid they have
to be taken into account in the design. Hence, for each fabrication run several devices with
different hole sizes are included. The variation in the position of the holes is not studied since
from fabrication point of view deviations in the position are expected to be negligible. The only
parameter which is nearly impossible to control is the thickness of the silicon layer of the wafer.
But since the variation in thickness are not expected to be more than 40 nm they should not give
rise to major problems.
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4.3.3 Optical Characterization
In the following we will focus on the optical characterization of the devices with the geometric
parameters listed in table 4.2. The measurements were carried out on the setup also used for the
linear optical characterization of the CGRs. Since the waveguide-embedded 1D photonic crystal
cavities are very polarization sensitive an in-line polarizer with subsequent polarization main-
taining fiber on the in-coupling side was used. The investigated devices have different numbers
of periodic holes N , different radii and cavity length L. Firstly, linear optical transmission
measurements were performed. Secondly, temperature-dependent linear optical measurements
were carried out to estimate the confinement factor from the thermo-optic properties, and finally
pump and probe measurements were carried out to demonstrate all-optical switching.
4.3.3.1 Linear Optical Transmission Measurements
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Figure 4.11: Transmission spectrum of a device with the geometric parameters listed in ta-
ble 4.2 for N = 6. The inset shows a close-up of the resonance and the Lorentzian fit which is
used to obtain the quality factor of the resonance and the resonance wavelength.
In figure 4.11 the transmission spectrum of a device for wavelengths between 1510 nm and
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1610 nm is shown. For wavelengths smaller than 1570 nm a clear photonic bandgap with a
resonance at a wavelength of λ = 1514.76 nm is visible. In the inset of figure 4.11 a high-
resolution measurement of the resonance is plotted. By fitting the data to a Lorentzian the the
full-width at half maximum (FWHM) of 0.35 nm results in a quality factor of 4300. The fringes
which appear in the bandgap are artifacts from multimode interference in the broad tapers at
the in- and out-coupling facets of the waveguides. Outside the bandgap the fringes with high
frequency originate from Fabry-Pérot effects between the cleaved facets which are also observed
in straight waveguides.
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Figure 4.12: Transmission spectrum of a device with the geometric parameters listed in ta-
ble 4.2 for N = 8 and L = 577 nm for two different polarization states are illustrated, namely
for TE polarization and a random polarization. The arrow indicates the resonance.
In order to demonstrate the strong polarization sensitivity of the device, we show in fig-
ure 4.12 the transmission spectrum for a device with N = 8 and a cavity length L = 577 nm for
two different polarizations. For TE polarization the band gap as well as a resonance within the
band gap at λ = 1517.2 nm is visible. By changing the polarization to a random polarization
the band gap and thus the resonance vanish. Hence, for polarizations other than TE the device
behaves similar to a straight waveguide.
Full 3D FDTD simulations of the unloaded device are performed to compare simulation
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Figure 4.13: Comparison of the measurement results with the simulation for (a) the quality
factor Q and (b) the resonance wavelength λ as a function of the number of periodic holes N .
and measurement. In figure 4.13 the quality factor Q as a function of N is plotted. For both
the simulation and the measurement a clear increase of Q by increasing N is observed. In
figure 4.13(b) the resonance wavelength as a function of N is plotted. The measured resonance
wavelengths are shifted about 20 nm from the ones of the simulation. This shift corresponds to
a variation of the hole radii in the range of ∆r = +10 nm due to fabrication variations but but
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also due to PMMA, which did not enter into the holes. Therefore, in the processes fallowing a
two-step MMA/PMMA cladding process was used.
Moreover devices with different cavity lengths were fabricated. For a device with N = 8
the cavity length was varied between 555 nm and 575 nm. The results listed in table 4.3 show an
increase of λ for increasing L as expected from simulations. But by linear fitting the data of the
measurements for λ depending on the cavity length L the slope is less than for the simulation
results. Hence, the effective refractive index of the fabricated structure is smaller than expected
from simulations. This is due to the larger holes of the fabricated devices as seen already in
figure 4.13(b).
L λ Q
in [nm] in [nm] -
555 1514.2 7200
562 1515.4 6700
575 1517.2 6900
Table 4.3: The wavelength λ and the quality factor Q for different cavity lengths L.
To test the reproducibility and stability of the fabrication process two independent fabrica-
tion runs are performed. Linear optical transmission measurement show that the quality factor,
as well as the resonance wavelength, is in good agreement. For example, for N = 6 for the
first sample a resonance at λ = 1512.4 nm with a quality factor Q = 3100 and for the second
sample the resonance at λ = 1512.9 nm with a quality factor Q = 2200 is found. For N = 9
for the first sample a resonance at λ = 1518.7 nm with Q = 10400 and for the second sample
at λ = 1514.5 nm with Q = 11000 is found. Taking minor variations due to fabrication into
account it can be assumed that the fabrication process is very well reproducible and stable.
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4.3.3.2 Temperature-Dependent Transmission Measurements
The resonance frequency of the cavity can be tuned by harnessing the thermo-optic effect be-
cause the refractive index of silicon is temperature-dependent. In figure 4.14 the resonance
wavelength is plotted as a function of the temperature T . When increasing the temperature
T the resonance wavelength shifts to longer wavelengths. From a linear fit we find the slope
dλ/dT = 0.052 nm/K which corresponds to a relative shift of 3.4× 10−5 K−1 of the resonance
wavelength.
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Figure 4.14: Thermo-optic red-shift of the resonance wavelength from which the optical con-
finement within the silicon can be deduced.
From the measured thermo-optic shift we calculate the confinement factor σ. The confine-
ment factor corresponds to the amount of light in the silicon of the cavity and therefore relates
the relative resonance wavelength shift ∆λ/λ to the relative change of refractive index ∆n/n:
∆λ
λ
= σ
∆n
n
. (4.1)
By utilizing the known thermo-optic coefficients dn/dT , we can infer σ from the observed
temperature-dependent shift. Silicon has a thermo-optic coefficient of 1.86×10−4 K−1, PMMA
of −1.3 × 10−4 K−1, and SiO2 1.0× 10−4 K−1. We approximate that the light radiates equally
into the PMMA cladding and SiO2 substrate because of their similar refractive indexes. The
thermal expansion coefficient of Si is neglected because it is relatively small (2.5 × 10−6K−1).
Furthermore, stress-induced effects are negligible because of the SOI substrate and PMMA
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cladding. For the experimental data a confinement factor σ = 0.76 is obtained which is in good
agreement with σ ≈ 0.7 we calculated with FDTD simulations.
4.3.3.3 All-Optical Switching with Pump and Probe
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Figure 4.15: Transmission spectra before (black) and after (blue) optical pumping with a 2.8 pJ-
pulse. The smooth solid lines are Lorentzian fits to the resonance peak from which the center
wavelength and the quality factor are extracted.
For the pump-probe experiment, we use a device with N = 7 with 10 nm smaller hole
radii. During the fabrication a two-step MMA/PMMA cladding which fills the holes better.
This results in an increase of the resonance wavelength of this cavity to λ0 = 1528.61 nm
with a quality factor of 5500. This leads to an expected photon lifetime within the cavity of
τph =
Q0λ0
2π
= 4.5 ps. Since the pump pulse and the probe pulse have a duration of a few
hundered femtoseconds, the switching speed should not be limited by the cavity lifetime or
the laser pulse and only the intrinsic material free carrier lifetime can be taken into account.
In figure 4.15(a) the transmission spectra of the micro-cavity before and after optical pumping
with 2.8 pJ pulse energy are shown. Directly after the pump pulse the resonance wavelength
is shifted to λ1 = 1528.10 nm with the quality factor lowered to 2700. The extinction ratio
at the initial resonance wavelength before pumping is measured to be 7.5 dB. The blue-shift
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and therefore the negative refractive index change is a clear indication of the plasma dispersion
effect [9]. In contrast, a red-shift would be expected from the thermo-optic effect by heating the
device with the absorbed pulse energy. The free charge carriers also lead to an additional small
absorption of the probe pulse which is reflected by the reduced transmission amplitude and the
lowered quality factor.
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Figure 4.16: Shift of the resonance wavelength ∆λ as a function of pump pulse energy E. The
solid lines are linear (red) and quadratic (green) fits to the data.
The dependence of the wavelength shift as function of the pump pulse energy is shown in
figure 4.16. We conclude that 1.2 pJ are required to shift the resonance wavelength by half
FWHM of the initial resonance before pumping. This shift corresponds to a 3 dB modulation
depth. Applying a linear fit to the data results in a slope d(∆λ)/dE = −0.15 nm/pJ. However,
a quadratic fit seems to match better the actual observed behavior. Two-photon absorption
as a source for the nonlinearity is unlikely because in this range of pump intensities the two-
photon absorption coefficient α2 < 1 cm−1 [109] is negligible compared to the linear absorption
α = 740 cm−1 [110]. Furthermore, the optical Kerr effect is small, ∆n < 10−8, leaving the
origin of the observed apparent nonlinearity open.
In the next step we study the dynamics of the switching process and therefore we vary
the time delay between the probe and the pump pulse. Figure 4.17 shows the transmission
spectrum as a function of the time delay. An almost instantaneous switching followed by a
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Figure 4.17: Time-resolved spectrum with optical excitation using 2.77 pJ-pulses.(a) shows
the wavelength shift as a function of the time delay for the raw data and (b) shows the Fourier
filtered and normalized data.
slow relaxation to the original state is observed in figure 4.17 and 4.18. The point of maximum
wavelength shift is defined as ∆t = 0. The time delay is varied in steps of 20 ps. In (a) the
raw data is plotted whereas in (b) Fourier filtering of the high frequency components is used
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to cancel out fringes due to the OPO. Normalization to the mean power off-resonance between
1529.1 nm and 1529.2 nm is done to cancel out power fluctuations between the measurements.
This data processing allows a more reliable extraction of the resonance wavelengths due to a
reduction of the sensitivity to spectral artifatcs and power fluctuations of the OPO.
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Figure 4.18: Extracted shift of the center wavelength from the Fourier-filtered and normalized
data as a function of the time delay ∆t.
The temporal analysis of the switching process is shown in figure 4.18. The time-dependent
center wavelength is plotted, which is extracted from the raw data from figure 4.17(b), after
post-processeing by low-pass filtering and power-normalization. A maximum wavelength shift
∆λ = −0.51 nm is observed at zero time delay. This corresponds to a relative wavelength
shift ∆λ
λ0
= −3.5 × 10−4. The time evolution of the wavelength shift is a direct measure of the
transient charge carrier density in the cavity. Applying an exponential fit to the wavelength shift
recovery time yields τ = 445 ps limited by carrier diffusion and recombination [111]. This is in
good agreement with the values for other nanophotonic structures in the literature [112, 16, 94].
By varying the time delay around zero between the femtosecond pump and probe pulses
in steps of 2 ps we are able to investigate the switching process in more detail. Figure 4.19(a)
shows the data which has been Fourier-filtered and power-normalized in order to reduce the
artifacts introduced by the OPO. Figure 4.19(b) shows the temporal behavior of the transmission
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Figure 4.19: (a) Transmission spectrum of the switching process with very high time reso-
lution. (b) Analysis of the transient intensity to extract the fall and rise time at the original
resonance wavelength and the shifted resonance, respectively.
at the un-switched resonance wavelength λ0 and the switched resonance λ1, as indicated by the
dotted lines in figure 4.19(a). The fall time to change the transmission from 90% down to 10% is
12 ps, and the rise time is 3 ps. Assuming that the only limitation is the photon lifetime τ in the
cavity, this corresponds to quality factors of 6700 and 1700, respectively, which is in reasonable
agreement with the observed spectral line widths of the initial and shifted resonances.
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In the following, we calculate the necessary energy to obtain optical switching. As the
charge carrier density generated by the pump pulse is not directly accessible we estimate the
optical energy which is actually absorbed in the 1D photonic crystal cavity and account for the
overlap of the resonant mode with the pumped volume. From the image through the confocal
setup, we obtain a 1/e2-diameter of 2µm for the almost Gaussian shaped pump spot. Due to the
geometrical overlap with the waveguide cavity, about only 20% of the pump beam energy ac-
tually reaches the cavity region. The extinction coefficient in silicon at a wavelength of 830 nm
is k = 0.004895 [110], such that only a small fraction is absorbed in the thin top silicon layer.
Furthermore, there are reflections at the various material interfaces due to the refractive index
differences. From transfer matrix calculations we find that only 2.4% of the above mentioned
20% are actually absorbed. This constitutes a value which is averaged between the two ex-
tremes of 1.1% and 3.7%. This uncertainty arises because the oxide thickness of the SOI wafer
is not precisely known and therefore the reflection at the SiO2/Si-substrate interface can lead
to either constructive or destructive interference. Hence, an incident energy of 2.8 pJ corre-
sponds to 13 fJ of actual absorbed optical energy, i.e. 54000 photons, to shift the resonance by
−0.5 nm or 7.5 dB modulation depth. For 3 dB modulation depth, only about 6 fJ would need
to be absorbed.
Next, we evaluate if these energies are in accordance with the expected values for the plasma
dispersion effect. Assuming a photon-to-charge conversion efficiency of unity for all absorbed
photons, a pulse with 2.8 pJ from which actually 13 fJ are absorbed creates in the cavity center
an average excitation density of free electrons and holes of about ne,h = 2.3× 1017 cm−3. The
refractive index change can be calculated using the following equation [9]:
∆n = −8.8× 10−22ne − 8.5× 10−18n0.8h . (4.2)
The calculated refractive index change of ∆n = −8.6×10−4 results in a relative refractive index
change in the silicon of∆n/nSi = −2.5×10−4. Using the confinement factor σ = 0.76 obtained
from the thermo-optic measurements and Eqn. 4.1, we calculate the relative wavelength shift
to be −1.9 × 10−4 and absolute wavelength shift to be −0.3 nm. This agrees reasonably well
with the directly measured shift of−0.5 nm corroborating the switching energy to be 13 fJ for a
7.5 dB modulation depth. Differences are expected because of made assumptions of a spatially
constant intensity of the resonant cavity mode as well as of the pump spot and the uncertainties
in the absorbed power and the actually generated carrier densities..
We compare our results to recent all-optical switching experiments from Belotti et al. [31].
They used a similar 1D photonic crystal waveguide structure and nanosecond pump pulses at
532 nm and obtained similar pump energies. The about 30 times higher quality factor com-
pensates for the reduced efficiency from the larger pump spot of 10µm diameter and the pump
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duration of 2.5 ns which is longer than the carrier recombination time. However, as stated above,
the high quality factor prevents a high-speed response.
4.3.3.4 Device Response as a Function of the Pump Spot Position
Position-Scan in x-Direction (µm)
P
o
s
it
io
n
-S
c
a
n
 i
n
 y
-D
ir
e
c
ti
o
n
 (
µ
m
)
-1.0
-0.5
0.5
1.0
-2 -1 0 21
-0.25
-0.01
0.0 ∆
λ
 (
n
m
)
Figure 4.20: Position scan over the sample in steps of 1µm in the x-direction, which is along
the waveguide and in steps of 0.5µm in the y-direction along the width of the waveguide. Black
color indicates the largest shift and the smallest shift is indicated by white color. The structure
is schematically illustrated in the graph.
In order to map out the device response as a function of the pump spot position we scanned
the pump pulse over the sample. In figure 4.20 the maximum wavelength shift for each position
of the pump pulse is shown. The spot of the pump pulse was scanned in random order to avoid
a general drift in the result. We observe that there is a clear dependence of the position of the
spot on the resonance wavelength shift which indicates the small active volume of the device.
However, the pointing error of the pump beam is significant.
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4.4 Active Resonant Modulators
To proceed towards an electro-optical modulator the design has to be adjusted. In the central
part of the cavity contact leads are added, which will be doped to realize a p-i-n junction.
Therefore, the whole design has to be "re-optimized" taking the contacts into account.
In literature electro-optic modulation with a very similar design has been shown recently.
They demonstrated modulation at speeds of 250MHz with modulation depths as large as 5.87 dB.
Their device has a total length of 6µm. It is as our device a Fabry-Pérot cavity but embedded
in a rib waveguide with a 50 nm slab containing the p-i-n diode formed across the cavity. In
our case a pair of five contacts on either side is included, which are p+- or n+-doped to provide
a p-i-n diode across the cavity, see figure 4.1. This has the advantage that the highly doped
and therefore absorbing contact leads can be placed in the nodes of the cavity optical field, and
thereby do not deteriorate the Q factor. In the following section we will mainly focus on the
optical optimization of the active structure. First, the optimization results will be presented and
the linear optical measurements of active structures before doping and metallization. Second
the electrical characterization will be discussed.
4.4.1 Optimizing the Cavity for Absorbing Contact Leads
L
a
4
a
1
a
3
a
2
a
0
2r
0
2r
4
2r
3
2r
2
2r
1 w
d
d
c
n-doped Si 
p-doped Si
intrinsic Si
Figure 4.21: Top-view of the unloaded active photonic crystal micro-cavity with electrical
contact leads. The entire sets of dimensions that are optimized are illustrated.
The top view of the layout of the active structure without contact pads is shown in fig-
ure 4.21, where all the geometric parameters are indicated. In order to achieve electro-optic
modulation a p-i-n junction is formed by doping the silicon ridges to the waveguide-embedded
103
4. WAVEGUIDE-EMBEDDED 1D PHOTONIC CRYSTAL MICRO-CAVITIES AS OPTICAL
MODULATORS
cavity. Ideally, these additional silicon contacts should not influence the micro-cavity and its
quality factor. There are several options to build a p-i-n junction around the cavity. In the
following work we choose a configuration with five sets of electrical contacts, as illustrated in
figure 4.21. In general from an optical point of view the contacts should be as thin as possible,
Figure 4.22: Cross-section of the micro-cavity with the electric field of the resonance mode.
because the lowest disturbance of the optical field is desirable. Due to the fabrication restric-
tions a fixed width of dc = 70 nm is chosen. In contrast from an electrical point of view it is
preferable to have wider contact leads due to the series resistance limiting the speed. The con-
tacts are positioned such that they lie in the nodes of the optical field of the resonance where the
field is minimal. Figure 4.22 shows the electrical field distribution from 3D FDTD simulations.
The optimization is performed in the same way as for the device without contact leads, just
with additionally including the distance d between two leads and the width of the contact leads
dc. The optimized geometric parameters are listed in table 4.4.
Param. r0 r1 r2 r3 r4 a0 a1 a2 a3 a4 L w dc d h
in [nm] 114 80 81 65 53 351 361 320 321 321 545 567 70 321 220
Table 4.4: Optimization results for the unloaded micro-cavity with the contact leads.
Two contact configurations are evaluated: an electrical design, where all contact leads reach
the contact pads, and the other one, where only every second lead on each side goes to the
contact pad, resulting in a “cross-like” configuration for the applied voltage. This ensures that
the injected current flows through the field of the anti-nodes. The contact leads are only cut
far away from the waveguide to minimize proximity effects during e-beam lithography. In
figure 4.23 a SEM image of such a “cross-like” configuration is shown. The device is only Si
without the doping step and the metallization. In the SEM image the smallest holes do not seem
to be fully etched through. The influence of not completely etched holes has been discussed in
section 4.3.2.
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1 µm
Figure 4.23: SEM image of the active waveguide-embedded 1D PC micro-cavity with the
geometric parameters from table 4.4.
4.4.2 Linear Optical Characterization of the Structure with Contact
Leads
The un-doped structures are characterized optically by means of linear optical transmission
measurements. The measured devices differ in their contact configuration (cross-like versus
straight) and their size of holes and waveguide width. In the inset of figure 4.24(a) the two
different layouts for the electrical contact leads are illustrated. For one configuration all contacts
lead to the pad whereas for the second configuration only every second contact leads to the
pad. For each type the measurement results are shown in figure 4.24. Two sets of devices are
investigated: A device with no deviation from the geometric parameters of table 4.4 and the
other one has ∆r = 10 nm larger hole radii for all holes and a ∆w = 20 nm wider waveguide.
In figure 4.24(a) the quality factor as a function of the hole number N is plotted. For all four
investigated configurations a clear increase of Q when increasing N is observed. But there
is no clear dependence on the design visible with respect to neither the contact leads nor the
device geometry. In figure 4.24(b) the resonance wavelength λ is plotted as a function of N
for the same set of devices. The devices with ∆r = ∆w = 0 nm are in the range of the target
wavelength of λ ≈ 1550 nm, whereas the ones with bigger hole size and wider waveguides
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are tuned to shorter wavelength as expected from simulations. Moreover the configuration with
only every second contact leading to the pad is at slightly shorter wavelength. This can be due
to different exposure in the e-beam lithography which can lead to a difference in the waveguide
width.
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Figure 4.24: Linear optical transmission measurement of the un-doped active devices for the
two device configurations cut and un-cut and for both of them for devices with geometric pa-
rameters with no variation and with a variation of ∆r = 10 nm and ∆w = 20 nm, respectively.
(a) shows the quality factor as a function of the number of holes N and (b) the resonance
wavelength λ as a function of N .
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4.4.3 Performance Characterisation of the Electro-Optical Modu-
lator
Since the 1D PC micro-cavities are very compact structures, they are promising to be switched
at low powers and high speed, as already seen from all-optical measurements. Thus, first the
static behavior by applying a DC current to the p-i-n junction is investigated.
A cavity consisting of N = 9 holes forming the mirror was measured. The targeted doping
level is 2×1019 for electrons and 8×1019 for holes. The IV characteristic of the p-i-n junction is
shown in figure 4.25(a). The measurements were performed for −5V < V < 5V. The thresh-
old voltage is at VT = 2V. For positive voltages V > 2V the p-i-n diode is in the conducting
state, filling up the intrinsic 1D PC cavity with quasi-neutral electron-hole plasma, it increases
exponentially. The diffusion voltage and the non-linear onset behavior indicate non-optimized
electronic interconnects design. This will limit the AC response at high frequencies. By apply-
ing a voltage across the p-i-n junction the complex refractive index of the cavity changes [113].
The injection of charge carriers decreases the refractive index of the silicon in the cavity, and
the transmission is highly sensitive to the amount charge injected into the cavity.
In figure 4.25(b) the quality factor Q as well as the resonance wavelength λ are plotted as
a function of the applied voltage. For the quality factor no clear dependence of the applied
voltage is seen. But for the wavelength a clear red-shift is observed and not as expected a blue
shift. This red shift is due to the thermo-optic effect and thus for the DC measurements of the
modulator heating dominates the modulation effect.
The dynamic characterization of the 1D PC modulators has been performed at the RWTH in
Aachen by Michael Waldow. The high-speed measurement setup at IBM is too insensitive to be
able to measure structures with low total transmission. The investigated device is from the same
fabrication run. The micro-cavity investigated has N = 4 with a cross-like configuration of the
contact leads. For the AC modulation response signal two working points (λ1 = 1534.6 nm
and λ2 = 1536.8 nm are chosen. One point is at the positive and the other one at the negative
slope of the resonance peak. These selected wavelengths guarantee highest on-off transmission
ratios. The AC dynamic response of the 1D PC modulator is shown in figure 4.26 for a signal
of 200MHz in (a) and 500MHz in (b). In (a) and (b) the electrical driving signal is marked
red. An AC driving signal with an amplitude of 2V and a DC-bias of 1V are chosen. The
black curve shows the optical response at working point λ1 and the blue curve shows the optical
response at working point λ2. Since the two working points are located at opposite edges of the
resonance peak, the optical response has the same (black continuous line) or the opposite phase
(blue continuous line) as the driving signal as the resonance peak is shifted. For higher driving
108
4.4. ACTIVE RESONANT MODULATORS
Q
u
a
lit
y
 F
a
c
to
r 
Q
1540
1542
1544
1546
200
0
W
a
v
e
le
n
g
th
 λ
 (
n
m
)
-6 -4 -2 0 2 4 6
0
50
100
150
200
C
u
rr
e
n
t 
I 
[µ
A
]
Voltage V (V)
a
b
0 2 4 6
Voltage V (V)
400
600
800
1000
1200
Figure 4.25: (a)I − V characteristic of the p-i-n junction for −5V < V < 5V. (b) Quality
factor (red filled circles) and wavelength (black circles) as a function of the applied voltage.
frequencies there is a phase shift between the driving signal and the optical response as can be
seen in (b) at 500MHz modulation. This shift is attributed to the non-optimized electrical leads
in these devices which lead to a phase shift when the intrinsic low-pass approaches its cutoff
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Figure 4.26: Modulation signal if driven when driven with a 200MHz electrical signal (a) and
with a 500MHz electrical signal (b).
frequency. However, a clear on-off modulation of the passing light at λ1 as well as at λ2 can be
observed.
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4.5 Conclusions
With the studies on the waveguide-embedded 1D PC micro-cavities, the problems encountered
with the CGRs could be solved or at least improved. We demonstrate that they are very promis-
ing candidates for electro-optical modulators since they are very low-power consuming, have
a small footprint and show a single sharp resonance with high transmission within the band
gap, which can be modulated. Due to their very small dimension it is possible to perform full
3D FDTD simulations for the optimization as well as for verification of the structure. For the
device without contact leads we built structures with experimental Q-factors up to 12000. Fur-
ther improvements lead to a design with even higher theoretical Q-factors up to 3 × 105, see
Appendix A. But these structures could not be fabricated successfully within the time frame of
this thesis. From temperature dependent linear optical measurements we are able to calculate
the confinement factor to be around 76%.
Ultrafast all-optical switching with very low optical power has been demonstrated with these
micro-cavities. The control pulse at a wavelength of 830 nm switches the resonance in the tele-
com wavelength range within 12 ps and a recovery time of about 445 ps. While the energy in
the pump spot is on the order of 1 to 3 pJ per pulse, the actually absorbed optical power and
therefore the switching energy is as low as 13 fJ to obtain a modulation depth of 7.5 dB. We
achieve this with a cavity quality factor of less than 10000 which enables a high-speed response
on the order of a few picoseconds.
The first prove of principle of the device as an electro-optical modulator has been demon-
strated. The device is optimized with adjacent contact leads. To achieve a p-i-n diode the contact
lead are doped. In the photonic simulations we obtain devices with theoretical Q-factors up to
5 × 105. Linear optical transmission measurements on the un-doped devices were performed
and showed the behavior as predicted from simulations taking fabrication variations into ac-
count. Measurements after doping the contact leads showed still a resonance with a Q-factor of
3220. From the static driving of the device with doped contact leads only a red shift is observed
when applying a DC voltage because the thermo-optic effect dominates. The dynamic behavior
of the device when applying an AC current shows the first step of the 1D PC micro-cavities
as electro-optical modulators. Applying an AC voltage leads to a blue shift of the resonance
due to a decrease of the refractive index of the silicon in the cavity. Modulation signals with a
frequency of up to 500MHz have clearly been observed. To achieve higher bandwidth of this
1D PC modulator an electrically optimized p-i-n layout would be required.
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5 Summary
In this PhD thesis, two types of waveguide-coupled planar micro-cavities have been investigated
for optical modulators. The devices were all fabricated in SOI technology by AMO GmbH.
Resonant micro-cavities, as the ones presented in this work, enable ultra-small footprint and
low power consuming devices due to their effectively longer propagation path of the light in the
cavity.
The first part of this work addressed CGRs, for which simulations and various measure-
ments were performed. We were able to show experimentally for the first time waveguide-
coupled CGRs. For non-cladded CGRs for TM polarization transmission measurements exhibit
a quality factor of a few thousands with a peak-to-background contrast ratio of 10 to 20 dB
and a transmission of about 10 to 20%. Scanning near-field optical microscopy (SNOM) mea-
surements were performed to obtain a high-resolution optical image of the evanescent field
distribution as well as the vertical losses of the resonances. There is light confined in the cen-
tral defect but also modes in the outer rings. By comparison with simulations of the isolated
CGRs we found that these modes are modes of higher azimuthal order. Moreover, we found
that scattering at the waveguide ends due to mode-mismatch is a major source of transmission
loss. Thus, these modes have to be suppressed in order to restrict the device to strongly confined
modes. This could be achieved, for example, by adding trenches to enforce modes with dipolar
or quadrupolar characteristic which are confined mainly in the central defect.
Since for the periodic CGRs the Q-factor was limited by vertical losses, a chirp was introduced
by reducing the grating period of the rings towards the central defect. This chirp induces a grad-
ual opening of the photonic band gap in the radial direction which allows the mode to transform
adiabatically a delocalized band-edge-like mode with high Q in the center of the defect to a
mode within a wider band gap in the outer regions. The radiated field pattern suggested that
cancellation of the lowest-order multi-mode moment played an important role to achieve the
high quality factor. These chirped CGRs showed significantly improved theoretical Q-factors
up to 6.6× 107 with only slightly increasing the modal volume by a factor of 1.4. In contrast to
photonic crystal cavities, which show similar figures for the Q-factor as well as for the modal
volume, chirped CGRs in contrast only require a minimal index contrast and their modes exhibit
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perfect azimuthal symmetry.
Pump and probe measurements were performed to demonstrate the all-optical switching
behavior. A shift of the resonant wavelength within about 10 ps after optical pumping was
observed, whereas the relaxation time back towards its equilibrium was a few hundreds of
picoseconds because of the large carrier lifetime in silicon. In order to switch the resonance
about 500 pJ were required.
Our investigations showed that efficient coupling to the waveguides and large free spectral
range are major challenges for CGR devices. Therefore, an alternative structure to the circular
grating resonators was further studied in the second part of this thesis. 1D photonic crystals
can be used for Fabry-Pérot-like cavities directly embedded into the waveguide. They offer
enhanced coupling efficiency and a large free spectral range. Moreover, the required simulation
resources are reduced since the dimensions of the calculation grid are given by the waveguide.
Thus, it is possible to perform full 3D FDTD simulations for the optimization as well as for
verification of the structure. The investigated micro-cavity consists of a number of equal holes
on either side of the central defect forming the mirror. They are directly etched into the waveg-
uide. To adapt adiabatically the mode within the photonic crystal mirror to the one of the central
defect a taper is defined in the form of four holes with different sizes and distances. We imple-
mented two types of devices: without contact leads and with contact leads for electro-optical
modulation.
We demonstrated that they are very promising candidates for electro-optical modulators
since they are very efficient, have a small footprint and show only one single sharp resonance
within the band gap, which can be modulated. For the device without contact leads we designed
structures with experimental Q-factors up to 12000. Further improvement efforts lead to a
design with even higher theoretical Q-factors up to 3× 105.
On the basis of temperature-dependent linear optical measurements we were able to calculate
the confinement factor to be around 75%. By performing pump and probe measurements we
could demonstrate very fast and efficient all-optical switching. The absorbed energy in the
active region of the cavity was only of the order of a few femtojoules, which is more than one
order of magnitude smaller than the lowest switching power reported in literature so far. By
means of pump and probe measurements we observed a shift upon optical excitation within
12 ps and a recovery time of about 445 ps.
The initial measurements of the device as an electro-optical modulator have been performed.
The device was optimized to maintain a high quality factor despite strong absorption in the
adjacent contact leads. To achieve a p-i-n diode configuration the contact leads were highly
doped. In the photonic simulations we obtained devices with theoretical Q-factors up to 5 ×
105. Linear optical transmission measurements on the undoped devices with contact leads were
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performed. They showed a behavior as predicted from simulations taking fabrication variations
into account. Measurements after doping the contact leads showed still a resonance with a
Q-factor of 3220. On these devices we performed both, DC and AC measurements. When
applying a DC voltage a red shift of the resonance is observed since the thermo-optic effect
dominates. However, when applying an AC current the expected blue shift of the resonance
due to a decrease of the refractive index of the silicon in the cavity due to carrier injection is
observed. Thereby we demonstrated electro-optic modulation with these devices.
In conclusion, the presented integrated micro-cavities show the feasibility of highly inte-
grated ultra-fast optical or electro-optical modulators due to their small active optical volume
and high quality factors.
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6 Outlook
The demand for larger bandwidth and higher data rates in shorter and shorter distances drives
the integration of optical components. Silicon-On-Insulator (SOI) is the ideal platform because
of the prospects of joint integration of optics and electronics and the availability of high-end
mass production facilities on the wafer scale. However, there are challenges such as low light-
emission, low fiber-to-waveguide coupling efficiency, low electro-optical modulation and high
propagation losses that have to be overcome to make Si a good candidate. Recently, low loss
waveguides [114] and tapers for efficient fiber-to-waveguide coupling [115] have been demon-
strated. There have also been several efforts to address light emission from Si [116] and Ra-
man amplification [117, 118]. In the presented thesis we focused on the further investigation
and improvements of devices towards all-optical and electro-optical modulators and switches.
Therefore, two types of waveguide-coupled micro-cavities were studied. The two cavities show
ultra small footprint and very high Q-factors.
During this thesis for the first time waveguide-coupled CGRs have been demonstrated. Ma-
jor challenges were vertical losses and coupling losses. It was possible to show theoretical
Q-values up to the order of 107 by minimizing vertical losses by inducing a chirp. These sim-
ulations were performed for TE polarization since the band gap is larger. However modes of
higher vertical order reduce this band gap. Thus, for the future fabrication of the structure
wafers with a Si thickness of 220 nm instead of 340 nm should be used to harness the complete
band gap. It would be interesting to explore experimentally the limits of the achievable Q-factor
with these types of cavities. Major issues were insertion and high transmission losses due to
low coupling efficiency and higher order azimuthal modes in the outer Si rings. Therefore, very
large 3D simulations would be required in order to optimize the mode matching between the
waveguide and the cavity. Because of the fixed calculation grid resolution which is necessary to
model the overall structures, FDT is not suitable. An alternative simulation approach should be
used to enable the simulation and verification of the whole device to be able to also improve the
coupling efficiency. A possibility would be to use finite elements, which enable the discretiza-
tion of the structure in elements of different sizes depending on their position. Thus, parts of the
structure such as the coupling region or the central defect can be discretized in smaller elements
117
6. OUTLOOK
to get a more detailed result than for example the beginning of the waveguide or the outer most
rings. This would reduce the required CPU power dramatically. Dr. S. Burger at JCMwaves
GmbH in Berlin Germany has recently been trying to further optimize the in- and out-coupling
of the waveguides to the chirped CGRs with some first promising results.
To suppress unwanted resonances in the outer rings trenches can be added, which was theo-
retically shown in the work presented. But these trenches can further be used to either position
electrical contact leads for the purpose of an electro-optical modulator or even a waveguide can
be added to obtain an integrated all-optical switch. Due to the symmetry of the mode in the
central part of the cavity, the leads or waveguide can be added without disturbing the optical
field since they are located in the nodal planes.
For the waveguide-embedded 1D PC micro-cavities it was possible to perform full 3D
FDTD simulations of the total structure because the size is limited through the size of the
waveguide and the structure is due to the cladding and its geometry symmetric. Nevertheless,
there are still some possibilities for improvement of the structure. During the thesis the Q-factor
of the structure was optimized and the hole radii and distances between two adjacent holes were
set to a multiple of the pixel grid size of the e-beam tool. This is expected to lead to higher fabri-
cation accuracy because of reduced aliasing and rounding artifacts. However, during the time of
the project they have not been fabricated successfully. Thus, their fabrication and measurement
could bring results of ultra-high Q factor micro-cavities with very small modal volume. Further
improvement of the cavity without contact leads could be done by using a second taper between
the waveguide and the cavity to adjust the waveguide mode to the mode of the mirror. This will
lead to an increase of transmission.
Until now only cleaved facets were used for the in- and out-coupling of the waveguide.
Especially for the 1D PC micro-cavity, which is very polarization sensitive, it is challenging to
assure that the right polarization is coupled into the waveguide. Moreover, the total transmission
was not as high such that high speed modulation measurements could be performed. Therefore,
an alternative option for the coupling should be considered. One possibility would be to use
SU8 tapers although cleaving the facets would still introduce some variations in the coupling
and they are polarization insensitive. A better solution would be to use grating couplers [119].
They are polarization sensitive, what is desired for the 1D PC micro-cavity and more over
the coupling losses between the single-mode fiber and the sub-micrometer Si waveguide are
reduced tremendously. Furthermore, this would enable automated device characterization at
the wafer scale.
We demonstrated all-optical modulators with both cavity types. For the waveguide-embedded
1D PC micro-cavities we were able to even show very low-power optical modulation in the or-
der of a few femtojoules. But the relaxation time back to the equilibrium for both types of
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investigated cavities is on the order of a few hundred of picoseconds, determined by the free
carrier lifetime in silicon. However, for high-speed applications this lifetime can be significantly
reduced for example by electrical carrier sweep-out [15] or ion implantation [96, 16].
For the waveguide-embedded 1D PC micro-cavity the first approach of an electro-optical
modulator was demonstrated. For high-speed measurements the transmission through the de-
sign was to low due to inefficient coupling. Solution fro an increase in coupling efficiency was
discussed before. But additionally the electrical design of the structure should be improved.
A reduction of the series resistance, and thereby a reduction of the power, lead to an increase
of the speed of the electro-optical modulator. To be able to perform high-speed modulation the
electrical design should be adjusted to a high-speed RF design by changing the two contact pads
to a three-pad configuration of ground-signal-ground pads. Furthermore, the impedance of the
structure has to be matched to the one of the measurement equipment.
The investigated resonators show very high Q-factors and ultra-small modal volumes. Thus,
the devices investigated in this work are promising candidates for other applications beyond
datacom, where micro-cavities with high Q/V -ratio are desirable. Beyond classical optics, for
example, such micro-cavities investigated in the present work pave the way to integrated devices
harnessing cavity quantum electrodynamics effects [120]. These micro-cavities could be used
to realize high-Q cavities for strong material light-matter interaction [121, 122]. This opens the
field of opto-electronics down to the single particle level and towards quantum systems. In the
near future these approaches could lead to ultra-miniaturized lasers for on-chip light generation
or to single photon sources with enhanced single photon yield for quantum cryptography. Other
fields such as sensing [123] and spectroscopy [124] also benefit from advances in micro-cavity
designs.
In conclusion, tunable micro-cavities are expected to play an important role beyond data
communication. The prospects for impact in new fields of applications make nanophotonics a
very exciting field and technology for the current century.
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A Further Optimization of the 1D PC
Microcavity without Contact Leads
For enhanced fabrication accuracy it is of great interest to have a configuration where the po-
sitions are dividable by 5 nm. This minimizes distortions due to rounding effects during the
e-beam lithography. Taking this into account and by re-optimizing the structure a configuration
with even higher Q-factor as the one evaluated in details in chapter 4 as found. The following
is only a simulation evaluation of the re-optimized design since within the time frame of the
project it was not possible to get fabricated working devices.
The geometric parameters of the re-optimized design are listed in table A.1.
Param. r0 r1 r2 r3 r4 a0 a1 a2 a3 a4 L w h
in [nm] 95 70 70 60 40 355 375 325 325 325 560 500 220
Table A.1: Re-optimization results for the unloaded microcavity with the restriction of radii
and distances to be a multiple of 5 nm. The resonance wavelength of the optimized unloaded
cavity with N = 14 is λ = 1542.4 nm and has a quality factor of Q = 268′800.
For N = 14 this configuration yields a quality factor Q = 268800 at a resonance wavelength
of λ = 1542.4 nm. The dependency of the quality factor Q and the resonance wavelength λ on
the number of periodic holes N is shown in figure A.1. Increasing N results in an increase of
the quality factor Q until it saturates at Q ≈ 3 × 105 for N ≥ 16. By adding more holes the
Q-value remains approximately constant since only vertical losses remain when the reflectivity
reaches its maximum. The shift to shorter wavelength for increasing N is due to a change in
the effective refractive index neff.
The influence of variations in the cavity length L and in the size of the holes were studied.
The dependency of the Q-factor as well as the resonance wavelength λ on the cavity length are
shown in figure A.2. As expected for a Fabry-Pérot-like cavity, increasing L shifts the reso-
nance to longer wavelengths λ. Since the taper in the cavity is not adjusted to the new mode
121
A. FURTHER OPTIMIZATION OF THE 1D PC MICROCAVITY WITHOUT CONTACT LEADS
1543
1545
1542
W
a
v
e
le
n
g
th
 λ
 (
n
m
)
5 10 15 20 25 30
Number of Holes N
1544
0
Q
u
a
lit
y
 F
a
c
to
r 
Q
 (
1
0
4
)
30
20
10
0
40
Figure A.1: Quality factor Q (red filled circles) and resonance wavelength λ (black open cir-
cles) as a function of the number of holes N for the configuration with geometric parameters
from table A.1.
with changing L it is not optimum for all cavity lengths L and hence the dependency is not
proportional to L−1 as in a classic Fabry-Pérot cavity.
The influence of variations in the size of the holes is shown in figure A.3. The maximum Q is
reached for a device with ∆r = 5 nm of Q = 3 × 105. This shows, that with the chosen opti-
mization method only a local maximum is found. Increasing the hole size shifts the resonance
to shorter wavelength because the effective refractive index is lower. In summary the same
general behavior as for the design investigated theoretically and experimentally in chapter 4 is
observed.
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Figure A.2: Quality factor Q (red filled circles) and resonance wavelength λ (black open cir-
cles) as a function of the cavity length L.
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Figure A.3: Influence of fabrication variations in the holes radii ∆r on the quality factor Q
(red filled circles) as well as on the resonance wavelength λ (black open circles).
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B Abbreviations
B.1 Roman Symbols and Acronyms
Symbol Description Unit
a Lattice constant nm
a0 Lattice constant nm
ai Distance between two adjacent holes of taper nm
A Device area nm2
B Magnetic induction V-s/cm2
c Speed of light in a material m/s
c0 Speed of light in vacuum m/s
C Capacitance F
CC Capacitance of contact pads F
CL Capacitance of contact leads F
d Distance, width, thickness nm
D Electric displacement C/cm2
D Duty cycle
e Electron charge C
E Electric field V/m
E0 Complex amplitude of the electric field V/m
E
+/−
c Electric field in the cavity traveling in+ or − direction V/cm
Ei Incident electric field V/m
Er Reflected electric field V/m
Et Transmitted electric field V/m
Ex,Ey,Ez Electric field in the x, y, z direction V/m
Eπ Electric field in the angular direction V/m
f Focusing length mm
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F Finesse
FWHM Full width at half maximum
h Planck’s constant J-s
h Height nm
hBOX Height of SiO2 BOX nm
hHSQ Height of residual HSQ nm
htot Total height of the structure nm
H Magnetic field A/cm
Hx,Hy,Hz Magnetic field components in the x, y or z direction A/cm
i Integer
I Current A
J Current density A/cm2
k Wavevector nm−1
kC Wavenumber of the cavity
kx, ky,z Components of the wavevector in the x, y or z direction nm−1
l Band number
L Length of cavity nm
LL Length of cavity nm
m Azimuthal order
me Electron mass kg
m Integer
m∗ce Effective electron mass kg
m∗ch Effective hole mass kg
M Integer multiple of the lattice constant
n Refractive index
nair Refractive index of air
nc Refractive index of the cavity
nHSQ Refractive index of HSQ
nPMMA Refractive index of PMMA
nSi Refractive index of silicon
nSiO2 Refractive index of silicon dioxide
N Number of layers/rings/holes
NA Numerical Aperture
Ne,h Density of electron hole pairs
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B.1. ROMAN SYMBOLS AND ACRONYMS
q Width of grooves between two adjacent rings nm
qN Width of trench number N
Q Quality Factor
Q0 Quality factor of the isolated cavity
Qwvg External quality factor
r Radial position
rC Radius of the defect of the CGR nm
ri Radius of the holes at position i nm
R Resistance Ω
R Reflectivity
RL,n Resistivity of the n-doped contact leads Ω
RL,p Resistivity of the p-doped contact leads Ω
RPF Reflected intensity of a Fabry-Pérot
t Time s
T Transmission
T Temperature K
TPF Transmitted intensity of a Fabry-Pérot
TE Transverse electric
TM Transverse magnetic
uk Wavefunction of an optical wave, periodic Bloch envelope
V Voltage V
Vm Modal volume
VT Threshold voltage V
w Width of the waveguide/contact leads nm
Zin Number of concentric rings forming the Bragg mirror
Zout Number of concentric rings for the back reflection of scattered light
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B.2 Greek Symbols
α Absorption coefficient cm−1
δω0 Resonance line width Hz
δω Spectral line width of the resonator mode Hz
∆N Shift of the ring N
∆α Change in absorption cm−1
∆αe Change in the absorption due to a change in the electron concentration
∆αh Change in the absorption due to a change in the hole concentration
∆ω Frequency spacing between two adjacent resonator modes Hz
∆ω Variation in the waveguide width nm
∆n Change in refractive index
∆ne Change in refractive index due to change of electron concentration
∆nh Change in refractive index due to a change of hole concentration
∆h Variation in silicon height
∆r Variation in size of the radius nm
∆Ne Change in electron concentration
∆Nh Change in hole concentration
ǫ Relative permittivity F/cm
ǫ0 Vacuum permittivity F/cm
ǫSiO2 Permittivity of silicon dioxide F/cm
~ Reduced Planck’s constant eV· s
κ Optical extinction coefficient
λ Wavelength nm
λ0 Resonance center wavelength nm
µ Relative magnetic permeability H/cm
µ0 Vacuum permeability H/cm
µe Electron mobility cm2/V-s
µh Hole mobility cm2/V-s
ν Frequency Hz
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νspeed Switching speed Hz
ρ Free charge density C/cm−3
ρ Resistivity Ω-cm
σ Confinement factor
τ Carrier life time s
τph Photon lifetime s
φ Angle in cylindrical coordinate system
ω Angular Frequency Hz
ω0 Resonance center frequency Hz
ωm Frequency of mode with azimuthal order m Hz
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B.3 Devices and Methods
AC Alternating current
AFM Atomic Force Microscope
CGR Circular Grating Resonator
CMOS Complementary Metal Oxide Semiconductor
CMT Coupled Mode Theory
CS Cross Switch
DC Direct current
EBL Electron Beam Lithography
FDTD Finite-Difference Time-Domain
FP Fabry-Pérot
MEEP MIT Electromagnetic Equation Propagation
MPB MIT Photonic Bands
MZI Mach-Zehnder Interferometer
OPO Optical Parametric Oscillator
OSA Optical Spectrum Analyzer
PC Photonic Crystal
PM Polarization Maintaining
PML Perfectly Matched Layer
RTA Rapid Thermal Annealing
RIE Reactive Ion Etching
RR Ring Resonator
SEM Scanning Electron Microscopy
SMU Source Measure Unit
SNOM Scanning Near-Field Optical Microscopy
SOI Silicon-on-Insulator
TIRS Total Internal Reflection Switch
1DPC Waveguide-embedded 1D photonic crystal microcavity
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B.4. MATERIALS
B.4 Materials
AsH33 Arsine
B Boron
HSQ Hydrogen Silsesquioxane
O2 Dioxide
HBr Hydrogen bromide
PMMA Poly(methylmethacrylate)
Si Silicon
SiO2 Silicon dioxide
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C Silicon Properties
Crystalline Structure diamond
Lattice constant at 300K 5.43102A◦
Band gap at 300K 1.12 eV
Band gap type Indirect
Mobility of holes at 300K 500 cm2/V-s
Mobility of electrons at 300K 1.450 cm2/V-s
Refractive index at λ = 1550 nm 3.48
Refractive index at λ = 830 nm 3.67
Extinction coefficient at λ = 830 nm 0.004895
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D Physical Constants
Speed of light c 299792458m s−1
Planck constant h 6.6260693(11) · 10−34 J s
Reduced Planck constant ~ 1.05458× 10−34 Js
Electric constant ǫ0 8.854187817 · 10−12 F m−1
Electron charge e 1.60217653(14) · 10−19 C
Electron mass me 9.1093826(16) · 10−31 kg
Hole mass mh 9.1093826(16) · 10−31 kg
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